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ABSTRACT

The ongoing global transition toward sustainable energy solutions has amplified the need for efficient,
decentralized power systems, particularly in remote and underserved rural areas. This study presents a
comprehensive survey and analytical review of hybrid microgrid systems integrating biomass and solar
photovoltaic (PV) technologies for rural electrification. Emphasis is placed on the feasibility, architecture,
control strategies, and performance metrics of such hybrid systems, considering the challenges of
intermittency, demand fluctuation, and environmental factors. Through detailed energy modeling, system
sizing, and survey-based load profiling, the study identifies optimal configurations that balance cost,
reliability, and sustainability. The inclusion of control and optimization strategies, such as maximum power
point tracking (MPPT) and energy management systems (EMS), enhances the operational efficiency and
autonomy of the microgrid. Comparative analysis of existing deployments across different geographies,
including India and parts of Africa, highlights the socio-economic and technical viability of such systems.
The findings underscore the potential of biomass + solar PV hybrid microgrids as a transformative solution
to bridge the rural energy divide and support long-term development goals.

INTRODUCTION

Challenges in Rural Electrification

Rural electrification remains a persistent challenge across many developing countries despite global
advancements in energy infrastructure. In regions such as Sub-Saharan Africa and South Asia, large
portions of the rural population either remain unconnected to the grid or experience erratic and poor-
quality power supply. Although countries like India have officially achieved village-level
electrification, the ground reality reveals a different picture where many rural households suffer from
unreliable electricity, frequent power outages, and limited access to power during critical hours.
Several factors contribute to this scenario, including the high cost and complexity of extending
centralized grid networks to remote and sparsely populated areas. Difficult terrain, poor road
connectivity, and low household energy demand make it economically unviable for utilities to invest
in expanding conventional grid infrastructure. Moreover, operational and maintenance challenges
further strain the already stretched grid systems, resulting in energy poverty that directly impacts
rural education, healthcare, agricultural productivity, and overall socio-economic development.

The Need for Microgrids

Given the inefficiencies and limitations of centralized energy systems in addressing rural energy
needs, microgrids have emerged as a promising alternative for decentralized electrification. A
microgrid is a localized energy system that operates autonomously or in coordination with the main
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grid and supplies power to a specific area. These systems integrate various generation sources,
energy storage units, and control technologies to meet localized energy demands efficiently. In rural
contexts, microgrids offer multiple advantages such as reduced transmission losses, better voltage
regulation, and the ability to customize energy generation according to locally available renewable
resources. The modular and scalable nature of microgrids makes them ideal for rural applications,
where systems can be designed initially for basic energy needs and later expanded as demand grows.
Technological advancements in smart control systems, renewable energy integration, and energy
storage have made microgrids not only technically viable but also economically attractive. Their
ability to provide consistent, clean, and reliable electricity makes microgrids a powerful tool in
addressing the rural energy access gap.

Role of Biomass and Solar PV in Sustainable Energy Systems

Among various renewable energy options suitable for integration into microgrids, solar photovoltaic
(PV) and biomass energy stand out due to their wide availability and complementary characteristics.
Solar PV systems, which convert sunlight directly into electricity, are particularly attractive for rural
electrification due to their declining costs, low maintenance requirements, and suitability for
modular deployment. Many rural regions, especially in tropical and subtropical zones, receive high
levels of solar irradiance, making solar PV systems a logical choice for daytime power supply.
However, solar energy is intermittent by nature—it is weather-dependent and does not generate
electricity during nighttime, which limits its ability to serve continuous energy demands unless
coupled with costly storage solutions. On the other hand, biomass energy systems utilize organic
materials such as agricultural residues, animal waste, and forest byproducts to generate electricity
through various processes like combustion, gasification, and anaerobic digestion. Biomass offers a
consistent and dispatchable power source that can complement solar PV, especially during periods
when solar energy is unavailable. It also leverages the agricultural character of rural areas, enabling
communities to convert local waste into valuable energy. In addition to providing stable power
generation, biomass systems support local economies by creating jobs in biomass collection,
processing, and maintenance. Nevertheless, challenges such as feedstock management, emissions
control, and operational complexity need to be addressed for sustainable biomass deployment.
Together, solar PV and biomass provide a synergistic solution where solar meets the daytime peak
demand and biomass supports base load and night-time requirements.

Motivation for Hybrid Biomass—Solar PV Microgrids

The integration of solar PV and biomass energy into a hybrid microgrid system addresses the
individual limitations of each technology while leveraging their strengths to provide a more robust
and reliable energy solution. Solar PV alone cannot meet the round-the-clock electricity needs of
rural communities due to its intermittent nature, and standalone biomass systems may face issues
related to feedstock supply, operational costs, and emission management. A hybrid system that
combines these two sources can ensure continuous electricity supply by dynamically allocating loads
based on resource availability. During daylight hours, the solar PV system can cater to peak
demands, while biomass generators can supply power during the night or during cloudy weather.
This complementary operation reduces the need for expensive battery storage systems, enhancing
the cost-effectiveness and efficiency of the microgrid. Moreover, the hybrid approach supports
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environmental sustainability by reducing reliance on fossil fuels and promoting the use of renewable,
locally sourced resources. It also contributes to rural development by promoting energy self-reliance,
reducing carbon emissions, and creating employment opportunities in both the solar and biomass
value chains. The socio-economic benefits, along with improved energy security and resilience,
make hybrid biomass—solar PV microgrids a compelling solution for rural electrification.

This survey-based study aims to analyze and consolidate the existing research and implementation
trends related to biomass and solar PV integrated microgrid systems for rural areas. It explores the
architectural design principles, control strategies, feasibility assessments, and real-world
deployments of such systems. The objective is to provide a comprehensive understanding of how
hybrid microgrids can be designed, optimized, and scaled to effectively meet the energy demands of
rural communities in a sustainable and economically viable manner.

BACKGROUND AND FUNDAMENTALS

Microgrid: A microgrid is a localized group of electricity sources and loads that typically operates
connected to the centralized national grid but can also function independently in “island mode”
during grid outages or in off-grid regions. The core idea of a microgrid is to enhance energy
reliability, flexibility, and sustainability by integrating various distributed energy resources (DERs)
such as solar panels, wind turbines, biomass generators, diesel gensets, and energy storage systems.
Microgrids are particularly useful for remote or rural communities where grid extension is costly or
infeasible. They improve energy security and allow for the use of locally available renewable energy
sources, which helps in reducing transmission losses and carbon emissions.

Microgrids are generally classified into two main types:

1. Grid-connected microgrids, which are linked to the main utility grid and can either supply power
to the grid or draw from it when needed. These systems provide flexibility and often allow for energy
trading.

2. Standalone or off-grid microgrids, which are completely isolated from the national grid and are
designed to operate independently. These are especially useful in rural areas with no grid access,
where they serve as the primary power supply.

Basics of Solar Photovoltaic (PV) Systems

Solar photovoltaic systems convert sunlight directly into electricity using semiconducting materials,
primarily silicon-based solar cells. These cells are arranged into modules or panels, which are then
configured into arrays to generate the desired electrical output. The electricity generated is direct
current (DC), which is usually converted into alternating current (AC) using an inverter for
compatibility with standard appliances. A typical solar PV system includes solar panels, an inverter,
a charge controller, and, in many cases, a battery storage unit.

The performance of a solar PV system depends on several factors, including solar irradiance,
temperature, shading, tilt angle, and panel efficiency. Rural areas in sun-rich regions like India and
Africa can effectively utilize solar PV for daytime power needs such as lighting, irrigation,
refrigeration, and communication. However, due to the intermittent nature of solar energy—
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especially at night or during cloudy days—it often requires storage or hybridization with other
sources to provide a continuous power supply.

Basics of Biomass Energy Systems

Biomass energy systems use organic materials such as crop residues, animal dung, forestry waste,
or municipal solid waste to generate heat and electricity. These systems are particularly viable in
rural settings where agricultural and organic waste is abundant. The main biomass conversion
technologies used in rural microgrids include biogas digestion, direct combustion, and gasification.

Biogas systems rely on anaerobic digestion of organic material in sealed digesters, producing
methane-rich biogas that can be used for cooking or electricity generation. Gasification, on the other
hand, involves the partial combustion of biomass to produce syngas, a mixture of hydrogen and
carbon monoxide, which can be used in engines or turbines. Direct combustion is the simplest
method, where biomass is burned to generate steam for mechanical or electrical energy.

Biomass-based systems offer a dispatchable energy source that can complement intermittent sources
like solar PV. However, they require careful design and management to ensure a consistent feedstock
supply, proper emissions control, and system efficiency.

Overview of Rural Energy Consumption Patterns

Energy consumption in rural areas is typically low but highly essential for improving the quality of
life and enabling economic development. The demand profile is often characterized by a high
proportion of energy used for lighting, cooking, irrigation, and small-scale productive activities such
as food processing and cottage industries. Peak demand usually occurs during the early morning and
evening hours, corresponding with household activities and lighting needs.

Seasonal variations in agricultural activity also influence energy demand. For instance, energy use
may spike during harvesting and irrigation periods. Unlike urban consumers, rural households often
consume less than 2-3 kWh/day on average, but this demand is highly sensitive to access and
affordability. Hence, microgrid design for rural areas must carefully balance affordability with
reliability and load flexibility.

Importance of Energy Storage

Energy storage plays a critical role in ensuring the stability and reliability of microgrids, especially
when renewable sources like solar and wind are used. In solar PV systems, storage batteries are
essential for storing excess energy generated during the day and supplying it during the night or
cloudy periods. Common battery types include lead-acid, lithium-ion, and more recently, flow
batteries. The choice depends on cost, life cycle, energy density, and environmental factors.

In biomass systems, energy storage can take a different form. For instance, biogas digesters act as
both energy generators and storage units by continuously producing and storing gas for later use.
Thermal storage may also be used in some biomass systems.

EISSN 1303-5150 @ www.neuroquantology.com

307


http://www.neuroquantology.com/

Neuroquantology | April 2021 | Volume 19 | Issue 4 | Page 304-316| Doi: 10.48047/nq.2021.19.4.NQ21068
DEENADAYAL THIRUNAHARI,, Design and Analysis of a Microgrid System Integrating Biomass and Solar PV for Rural Electrification-A Survey

An optimized energy storage strategy reduces the dependence on backup diesel generators, enhances
system autonomy, and ensures smooth load management in the absence of a reliable grid connection.

Feature Grid-Connected Standalone (Off-
Microgrid Grid) Microgrid
Grid Dependency Partial None 308
Energy Trading Yes No
Possibility
Suitable for Semi-urban/Rural with | Remote and
grid access isolated rural areas
Cost Moderate Higher initial cost,
lower O&M
Reliability High if grid is stable Depends on system
design and storage

Table 1: Comparison of Grid-Connected and Standalone Microgrids

Parameter Solar PV System Biomass Gasifier System

Energy Source Solar Radiation Crop Residues, Animal Waste

Capacity Range 1 kw — 100 kW 5 kW — 500 kW

Operating Time Daytime (6-8 hours) 24/7 (with feedstock
availability)

Efficiency 15-22% 25-35%

Backup/Storage Required Battery Storage Biogas Storage, Thermal
Backup

Maintenance Requirement Low Moderate to High

Ideal Applications Lighting, Water Pumps, Base Load Supply, Agro-

Telecom Processing

Environmental Impact Very Low Low to Moderate (if

emissions treated)

Table 2: Typical Configuration Parameters for Rural Solar PV and Biomass Microgrids

LITERATURE SURVEY

Biomass Energy Systems in Rural Areas

Several studies have investigated the role of biomass energy systems in enhancing energy access in
rural regions. Biomass is readily available in agricultural communities in the form of crop residues,
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dung, and forestry waste. Research has shown that gasification and anaerobic digestion are effective
conversion methods for rural electrification. For instance, Singh et al. highlighted that small-scale
biomass gasifiers can provide reliable power for community-level loads in India. Challenges include
feedstock availability, moisture content management, emissions, and operational complexity.

Solar PV Systems

Solar photovoltaic systems have become increasingly popular for rural electrification due to
declining costs, modularity, and low maintenance. Numerous studies indicate that standalone PV
systems can meet basic household electricity demands. However, intermittency and the need for
storage limit their standalone capability. A study by Patel et al. (2019) demonstrated that solar PV
systems are most efficient when paired with energy-efficient appliances and load management
strategies.

Hybrid Systems (Biomass + PV)

Hybrid systems combining biomass and solar PV are increasingly explored as sustainable solutions
for round-the-clock rural electrification. The hybrid architecture allows solar PV to meet daytime
peak loads, while biomass provides base load and night-time power. Studies by Nafees et al. and
Karthikeyan et al. confirm that hybrid systems significantly reduce battery dependency and improve
overall system efficiency. Integration challenges include synchronization of power sources, system
design complexity, and higher initial investment.

Control Strategies and Optimization Methods

Efficient energy management is a critical component in hybrid microgrid systems that combine solar
PV and biomass technologies. The primary function of the Energy Management System (EMS) is to
maintain a real-time balance between electricity supply and demand. This involves prioritizing
renewable sources like solar during daylight hours and relying on dispatchable biomass generation
during periods of low solar availability. In many cases, rule-based control methods are employed to
make basic decisions based on predefined logic. For instance, solar energy is used as the primary
source during the day, while biomass takes over during the night or during periods of low irradiance.
More advanced systems incorporate load-following techniques, where biomass generators adjust
output in response to real-time consumption levels. Such strategies help reduce fuel consumption
and operational costs while ensuring energy reliability, particularly in rural settings.

Optimization Techniques

Optimization plays a key role in enhancing the performance of hybrid systems by improving energy
efficiency, minimizing costs, and increasing the lifespan of components. Various mathematical and
heuristic optimization methods are used to fine-tune control parameters and scheduling decisions.
Linear programming is commonly used for systems with well-defined cost and operational
constraints, enabling the calculation of least-cost operation strategies. More complex systems often
utilize genetic algorithms and particle swarm optimization, which are capable of exploring a wide
range of operational configurations to find optimal or near-optimal solutions. Fuzzy logic controllers
offer an effective way to handle uncertainties in solar radiation and load demand by making decisions
based on degrees of truth rather than binary conditions. Another highly effective method is Model
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Predictive Control (MPC), which uses forecasted data to anticipate future energy needs and
optimally schedule power generation and storage actions over a time horizon. These advanced
methods collectively contribute to the economic and environmental sustainability of hybrid
microgrids.

Demand Side Management

Demand Side Management (DSM) is an essential aspect of hybrid microgrid control strategies, 310
especially in rural areas where energy demand can vary significantly throughout the day. DSM
techniques involve influencing and modifying consumer electricity usage patterns to match available
generation capacity. Load shifting is a common method used to move high-energy-demand
activities—such as water pumping or grain milling—to times when solar energy is abundant. Peak
shaving techniques are also employed to reduce the maximum load on the system, thus decreasing

the required capacity of generators and storage. In situations where supply cannot meet total demand,
load prioritization or load shedding strategies are used to ensure that critical services like lighting
and medical equipment remain operational. These practices enhance system resilience and ensure
more equitable distribution of limited power resources in off-grid and underserved areas.

Real-Time Monitoring and IoT Integration

The incorporation of Internet of Things (IoT) technologies into microgrid control systems has
significantly improved operational efficiency and responsiveness. Real-time monitoring through
smart sensors and controllers enables the continuous tracking of key variables such as solar
irradiance, biomass feedstock levels, battery state-of-charge, and consumer load profiles. This data-
driven approach allows for dynamic and adaptive control actions, enabling the system to respond
swiftly to changing environmental and load conditions. IoT integration also facilitates remote system
diagnostics, predictive maintenance, and fault detection, thereby reducing downtime and operational
costs. The use of cloud-based data analytics platforms further empowers decision-makers to
optimize energy usage patterns, forecast demand trends, and refine control algorithms over time.

Hybrid System Control Architectures

The design of control architecture is another crucial aspect of hybrid microgrid systems. A
centralized control architecture places all decision-making authority in a single EMS unit, which
evaluates system-wide conditions to determine optimal energy distribution strategies. This approach
is effective for smaller microgrids with limited complexity. In contrast, decentralized control
architectures allow individual subsystems—such as solar, biomass, and storage units—to make
autonomous decisions based on local data. This structure enhances modularity and fault tolerance
but may lack the efficiency of global optimization. A hierarchical control system offers a balanced
approach, where a central EMS provides high-level coordination, while local controllers manage
day-to-day operations of their respective subsystems. This layered design combines the advantages
of both centralized and decentralized strategies, offering scalability, reliability, and improved
performance in diverse rural settings.

Past Case Studies (India, Africa, etc.)
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Several successful deployments have demonstrated the potential of hybrid microgrids. In India, the
Sunderbans region uses PV-biogas hybrid systems to power rural schools and homes. In Africa,
countries like Kenya and Tanzania have experimented with solar-biomass microgrids under various
rural development programs. These case studies reveal the importance of community involvement,
government support, and adaptable business models for long-term sustainability.

Comparative Metrics of Energy Systems

Solar PV vs Biomass Energy Systems

System Type Cost ($/kW) Efficiency (%) | Reliability Scalability
Solar PV 900-1500 15-22 Moderate High
(weather
dependent)
Biomass 1200-2000 25-35 High Moderate
(dispatchable)
Hybrid PV + Biomass System
System Type Cost ($/kW) Efficiency (%) | Reliability Scalability
Hybrid 1800-2500 30-40 Very High High
(PV+Biomass)
Diesel Generator (Reference System)
System Type Cost ($/kW) Efficiency (%) | Reliability Scalability
Diesel Generator | 500-800 30-40 High (fuel Low
(reference) dependent)

MICROGRID ARCHITECTURE AND DESIGN CONSIDERATIONS

A typical hybrid microgrid that integrates biomass and solar photovoltaic (PV) systems is designed
to efficiently harness renewable energy sources to meet rural electrification needs. The architecture
commonly consists of a solar PV array and a biomass generator connected to a central AC bus.
Energy storage systems like batteries are integrated to store excess energy generated during peak
production and supply power when generation is low. The microgrid also includes inverters,
converters, controllers, and protection devices to ensure stable and reliable operation. The layout
supports both grid-connected and standalone modes, enabling operation in synchronization with the
main grid or as an independent power system. The microgrid controller plays a key role in managing
power flows, prioritizing renewable sources, and coordinating load demand to maintain balance.

The primary components of this hybrid system include solar PV panels typically rated between 1
kW and 100 kW depending on the community size, biomass generators sized between 20 kW and
50 kW for small rural clusters, MPPT (Maximum Power Point Tracking) charge controllers for
optimizing solar power output, inverters rated 5-50 kW to convert DC to AC, and battery banks
(commonly lithium-ion or lead-acid) with capacities ranging from 200 Ah to 600 Ah. A centralized

@
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microgrid controller equipped with smart meters and load management switches oversees system
operations and ensures smooth coordination between generation, storage, and load.

Load Demand Profiling for Rural Areas

Load profiles in rural areas typically show morning and evening peaks corresponding to household
activities such as lighting, cooking, and small appliance use. A small rural village of around 50
households may have an average daily energy consumption of 3 to 5 kWh per household, resulting
in a total daily energy demand of approximately 150 to 250 kWh. Peak load demand generally occurs
from 6:00 to 9:00 AM and from 6:00 to 10:00 PM, with total peak power demands reaching around
20-30 kW depending on the number of households and appliances.

Sizing of Systems

The sizing of system components is crucial to ensure the microgrid meets the community’s energy
needs without oversizing or undersizing equipment, which impacts cost and reliability.

For example, for a village with a total daily load of approximately 200 kWh and peak demand of 25
kW, the components can be sized as follows: Solar PV array: 60 kW capacity, assuming an average
of 4.5 peak sun hours per day, providing approximately 270 kWh per day. Biomass generator: 30
kW capacity, used primarily during night-time or cloudy days to meet demand. Battery storage: 800
Ah at 240 V (equivalent to 192 kWh storage capacity) to provide roughly one day of backup power.
Inverter rating: 3040 kW to handle peak load with a margin for future expansion. Microgrid
controller: Programmable EMS capable of real-time monitoring and IoT integration.

. Daily Energy Use
Load Type Unit Power (W) (kwh)
Lighting (LED) 10 x5 =50 1.5
Fan 50 0.8
Mobile Charging 5 0.2
Television 60 1.2
Water Pump (0.5 HP) 370 1.5
Refrigerator 100 2.0

Grid Management and Control Techniques

The microgrid can operate in either grid-connected or islanded modes depending on the availability
of the main grid. In grid-connected mode, grid-following inverters synchronize power output with
the main grid frequency and voltage. In islanded mode, grid-forming inverters regulate voltage and
frequency to maintain stable operation. Load prioritization algorithms disconnect non-essential loads
during supply shortages to maintain critical loads. The Energy Management System uses a
combination of rule-based logic and optimization algorithms to decide how to dispatch solar and
biomass generation and when to charge or discharge batteries. This approach ensures maximum
renewable energy utilization and minimizes fuel consumption.
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Communication and IoT Integration in Microgrids

To improve efficiency and enable smart operations, microgrids incorporate IoT-enabled sensors,
smart meters, and controllers that provide real-time data on energy generation, consumption, and
system health. Common communication protocols such as Modbus, Zigbee, and Wi-Fi facilitate data
transmission among components. Data collected is analyzed on centralized dashboards, enabling
operators to perform remote monitoring, fault detection, and predictive maintenance. Integration of 31
AT and machine learning algorithms further enhances demand forecasting and system optimization,
ensuring better load matching and energy savings.

3

Survey Findings
Data for Renewable Energy Contribution
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1. Seasonal Energy Generation Variation

Hybrid systems show monthly variation in generation capacity due to fluctuating solar radiation and
biomass availability. Below is a sample dataset (in kWh/month) for each energy source across the
year.
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2. Appliance-Wise Load Demand vs. Energy Source

Different appliances in rural homes are typically powered by solar or biomass, depending on their
usage time and load. A stacked bar chart helps visualize source-specific power mapping.
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3. Efficiency vs. Ambient Temperature

Both PV and biomass systems are affected by temperature. PV drops in efficiency during peak
summer; biomass is more stable. A heatmap shows the efficiency trend.
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System Efficiency vs. Time and Temperature
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CONCLUSION

This research has explored the design considerations, energy contributions, and technological
components of a biomass and solar PV-integrated microgrid tailored for rural electrification. The
analysis reveals that hybrid systems combining the dispatchability of biomass with the intermittency
of solar PV can significantly improve energy reliability, reduce dependency on fossil fuels, and offer
a cost-effective solution for off-grid communities. The study highlights the importance of accurate
load profiling, strategic component sizing, and the integration of control and IoT-based
communication systems to ensure seamless operation and real-time monitoring. Furthermore, the
simulation and survey results show that hybrid microgrids can be customized for different
geographical and socio-economic contexts, offering a scalable model for energy access in remote
regions. By leveraging locally available biomass resources and abundant solar potential, this system
not only meets the energy needs of rural populations but also supports environmental sustainability
and community empowerment.

FUTURE SCOPE

While the current study provides a theoretical and data-driven foundation for hybrid biomass-solar
microgrids, future work can be directed toward real-time simulation, pilot implementation, and
economic modeling under varying policy and subsidy scenarios. Advancements in battery storage
technologies, such as lithium-ion and flow batteries, as well as Al-based energy management
systems, can further optimize system performance. Research should also focus on the integration of
additional renewable sources such as wind or micro-hydro to improve system resilience. Community
engagement and local capacity-building for operation and maintenance remain critical for the long-
term sustainability of such projects. Furthermore, incorporating blockchain-based peer-to-peer
energy trading and dynamic pricing models could revolutionize energy access and distribution in
rural markets. With appropriate government support, financial modeling, and public-private
collaboration, these hybrid microgrids hold the potential to become the cornerstone of future rural
energy infrastructure.
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