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Decentralized energy generation systems based on renewable sources have
significant potential to assist in the sustainable development of developing
countries. The small-scale integration of hybrid renewable energy systems in
off-grid communities has not been thoroughly researched. The primary objective
is to develop a preliminary design for a PV/biogas hybrid system that can meet the
energy needs of an off-grid community center. A survey was conducted to
calculate the energy demands of an off-grid community center and a hybrid
renewable system has been designed to supply the electricity. The optimum
designed system is evaluated by the PVSYST simulation software and SuperPro
Designer software. The annual production of the PV system is 34428 kWh/year,
specific production is 1118 kWh/kWp/year, and the performance ratio is 81.72%. All
the factors that contribute to energy loss are considered in designing a PV system.
The average operating efficiency of the inverter is 92.6%, and global inverter losses
are 2752.4 kWh. The biogas simulation findings show an adequate match with the
composition of conventional biogas and contains 89.64% methane and 5.99%
carbon dioxide content. Two sensitivity analyses of biogas based on hydraulic
retention time and moisture content have been performed. Measurements
readings of hourly data are used to analyse the performance of PV, biogas
system as well as the hybrid system performance. At day time, the maximum
power generation of the hybrid PV/Biogas and the maximum load demand of the
community at that time are 25.2 kW and 24.31 kW, respectively. At night time, the
maximum power generation of the hybrid system and the maximum load demand
are 9 kW and 8.3 kW, respectively. The power factor (PF) of the system fluctuates
between 0.92 and 0.98 and the frequency of the system is constant at 50 HZ.
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1 Introduction

Energy is the basic requirement of human survival. On earth, the
sun is the most important resource of energy for life. Although
renewable energy has been used for thousands of years, only a small
part of the technical and economic potential of renewable
technologies has been recorded and used so far. Population and
urbanization increasing in developing countries lead to low quality
of life and high energy waste (Tamoor et al., 2020a). Fossil fuels are
currently the main source of power production. The reason for this
is that these are easy to obtain, economical, and greatly concentrated
(Holechek et al., 2022). The capability of fossil fuels like oil and gas
to achieve rapid economic development in each nation has led to an
increase the dependence on oil and gas. The world relies greatly on
oil and gas for power, and this approach will remain unchanged in
the coming duration (Keyhani, 2016). Renewable energy (solar,
wind, and biomass) sources around the world are rich and
widely distributed/spread. Sunlight, wind power, biogas, and
hydropower are proven to be the most valuable renewable energy
sources used in different ways around the world (Rahman et al,
2022).

Photovoltaic (PV) energy has emerged as one of the most
important renewable energy sources in recent years (Tamoor
et al., 2022a; REN21 Renewables, 2022; Tamoor et al., 2022b).
This source of energy has been utilized in energy communities
(Tamoor et al., 2021a; Zhang et al., 2023a), as well as for self-
consumption (Ferndndez et al., 2021; Tamoor et al., 2022¢) and the
production of electricity (Colmenar-Santos et al., 2020; Nicoletti
et al,, 2023). It has a few drawbacks too, including a reliance on
weather conditions and limited energy management capabilities
(Tamoor et al., 2022d). Therefore, additional support systems are
required. Biogas, a mixture of methane (CH,), carbon dioxide
(CO,), and traces of other gases, is currently starting to play a
more significant part in this scenario (Zhu et al., 2019; Rafiee et al.,
2021). Biogas is a renewable energy source and it can be
conveniently stored and managed. Additionally, organic waste
from many types of waste, such as animal manure, sewage
treatment sludge, biowaste, etc, can be treated using the
anaerobic digestion method (Tamoor et al,, 2020a; Montes and
Rico, 2020).

The most widespread renewable energy source and conceivable
power source in the world is solar energy. The available sunshine can
be used by current technology to produce 1,700 kWh of average
energy annually (Tamoor et al., 2021b). However, due to its low
emissions, photovoltaic technology has the best potential among all
renewable energy sources (RES) to protect the world (Naderipour
et al., 2022; Habib et al., 2023a; Zhang et al., 2023b). Furthermore,
compared to other renewable energy sources, this technology is a
better and more efficient energy source. For instance, the
photovoltaic system continues to be an important system for
electrification in remote areas of developing nations (Raza et al,
2022; Tamoor et al., 2023). Solar PV systems, on the other hand, uses
solar cells to convert solar radiation into electric currents. A
photovoltaic power system can be installed as a grid-connected
or off-grid photovoltaic system (Tamoor et al., 2021¢; Miran et al.,
2022). In (Kirmani et al., 2017) authors present optimal planning of
solar photovoltaic systems connected to the grid to achieve cost-
effective operation of the system. Grid-connected photovoltaic (PV)
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systems have been found to have the lowest energy costs and are
suitable for small industrial/commercial buildings. Currently, the
photovoltaic markets are rising or growing rapidly at a rate of
35.0%-40.0% per year. Monocrystalline and polycrystalline silicon
PV module cells remain the main photovoltaic technology, with
fabrication/production costs of components of about $ 1.50 per watt
(Razykov et al., 2011).

Habib et al. (2023b) presented research on the production of
biogas energy, which can be produced from various sources, like an
animal and municipal waste. Anaerobic digestion of animal manure
reduces environmental pollution and produces comparatively
cheap/inexpensive and easily accessible energy for dairy farms.
The produced gases are used for heating water in commercial
buildings, for cooking, lighting, dry grain, and greenhouse
heating in cold weather (Habib et al, 2023b). A simulation
model of the biogas production is given by analysis method. The
output power of the biogas production is a direct part of the biogas
consumption; therefore the modulations of the output power are key
to ensuring constant voltage of the distributed energy system. Biogas
generator sets are generally synchronous generators, and the engine
is directly connected (Yanning et al., 2009). The integrated biogas/
wind power generation system overcomes the difficulty in large-
scale use of biogas production such as low fermentation
temperature, wind power uncertainty, and fluctuation through
the use of innovative technologies, and the cost of the entire
system is reduced (Gu et al., 2009).

In (Jiang et al., 2009) the authors investigate biogas as fuel for
internal combustion engines and briefly introduces the physical
and chemical properties of biogas as well as engine operating
problem. Dual-fuel engines are based on diesel engines, improved
hybrid intake systems, and dual-fuel conditioning systems that
work by mixing biogas with air into a flammable mixture. It is
technically feasible to purify compressed biogas by high
compression ratio and use it as a vehicle fuel since the biogas
is ignited with a small amount of predominantly diesel (Jiang
et al., 2009). To be able to use biomass efficiently, sophisticated
optimization algorithms are required, taking into account not
only the production of global biomass but also local character.
The combination of combined heat and power (CHP) and
biomass helps to increase energy efficiency and to improve the
ecological sustainability of food (Celli et al., 2008). Financial
research in biogas plants shows biogas is a powerful tool for job
creation, self-sufficiency, and reduction of greenhouse gas
emissions, thereby reducing deforestation and reducing the
extinction of large numbers of species. If it is used on a large
scale, it may prove to be a back bone for developing countries
(Aggarwal and Gupta, 2009; Govender et al., 2019; Bedana et al.,
2022).

The utilization of photovoltaic energy and biogas energy are
extremely advanced technologies and each has been intensively
studied worldwide. Due to the abundance of solar resources on
the earth, photovoltaic energy is the most frequently used renewable
resource (Hernandez-Callejo et al., 2019). Although biogas has been
commonly used on a small-scale in many developing countries,
biogas has gained significant relevance as an energy source for
sustainable development in recent years (Antar et al., 2021). In
addition to promoting sustainable development and reducing
dependency on a single renewable resource, hybrid PV and
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biogas technology can offer sustainable energy services based on
commonly accessible indigenous resources. A hybrid PV-biogas
system is considered a generally acceptable approach based on
several thermodynamic, economic, and environmental evaluation
findings (Zhang et al., 2019; Al-Najjar et al., 2022a).

The hybridization of photovoltaic systems and biogas
digesters has gained popularity in developing nations,
especially on small-scales. This is mostly due to the large
number of sunny hours, the volume of organic waste that
needs to be processed, and numerous issues with electricity
distribution in these areas (Neto et al, 2010). A research
study on 1 kW of photovoltaic and 3.5kVA of biogas system
is conducted to examine paid back period of the system. The
findings of the research study indicate that a hybrid system
improves the power supply with levelized cost of energy of
0.21$/kWh (Buragohain et al., 2021). However, the research
presented in (Tamoor et al., 2020b) simulating a 3.0 kW
integrated photovoltaic-biogas power system (consisting of a
2.84 kW PV system and a 4 m’ biogas system) to provide a
consistent supply of electricity for a residence in an isolated
region. Similarly, in Al-Najjar et al. (2022b), a photovoltaic and
biogas-based hybrid system was optimized, and it was found that,
despite having the capability to meet the proposed demand, the
hybrid system only performs at 40% of its potential. The
suitability of different configurations of hybrid solar PV-
biomass systems in Europe was discussed by Hussain et al.
(2017) and he studied the technical,
economic performance of these systems to determine the key

climate data, and
factors influencing system selection for designing large-scale
solar PV-biomass hybrid power systems.

If we examine the research studies conducted to investigate
whether small households or communities can self-sufficiently
produce their energy (Chowdhury et al,, 2020), analyzed the
feasibility of a 12.9 kWp off-grid power system using a 1.0 kW
biogas generator to power rural areas of Bangladesh. Due to the
country’s conditions, the system has an expected payback period
of 6.9 years, while lowering CO, emissions and providing more
affordable and sustainable electricity. In Kirim et al. (2022), it was
analyzed that the use of a biogas system alone is not energetically
or economically profitable for stabilization and needs to be
hybridized with photovoltaic systems to obtain better
economic results. While (Samy et al, 2018) analyses the
technical and financial feasibility of electrifying an apple farm
by modeling a system consisting of 25 photovoltaic modules,
2 biogas generators, and a battery bank. Thus, the hybridization
of photovoltaic and biogas systems in developing nations is an
attractive option for self-consumption in off-grid communities.
This is because of their fast payback period and an increase in the
stability of the power supply, as examined in Ali et al. (2019) that
took 20 distinct installations into account. In this research, the
payback is calculated using photovoltaic installations between
40 and 85 kW and biogas digesters between 2.4 and 4.8 Nm’.
According to the research, these systems have a payback period of
under 5years. A hybrid system integrating photovoltaic and
biogas technology was proposed to supply electrical energy to
educational buildings. This system is reliable and uses renewable
energy sources for at least 50% of its electrical supply (Alfonso-
Solar et al., 2020).
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In recent years, the photovoltaic system has emerged as the
industry standard. It estimates power generation while accounting
for losses caused by the environment, efficiencies of system
components, wiring, shading, module mismatches, soiling,
reflection, aging, and clipping losses. PVSyst is a newly developed
simulation software (launched by Folsom Labs) that combines
AutoCad design capabilities with all functionalities of the PV
system to help system designers generate a complete design in
one software package (Tamoor et al, 2021d; Faiz et al, 2021;
Habib et al,, 2023b). To perform energy estimations and create
3D models, PVSyst enables the utilization of a single software
package. From small to large size, and for each type of surface,
including flat or uneven surfaces, it is capable of designing
photovoltaic (PV) systems. It has the benefit of being able to
provide highly accurate estimates of the PV system that can be
installed at the proposed location, monthly and annual power
production, performance ratio, layout of PV system, number of
inverters and PV modules, single line diagram (SLD), losses in
photovoltaic system, shading analysis, electric cabling selection,
global horizontal irradiance (GHI), diffuse horizontal irradiance
(DHI), plane of the array (POA) irradiation, temperature indicators,
computer-aided drafting (CAD) tools and SketchUp shading
integration. It is also feasible to select required components of
type (Si-Mono, Si-Poly) of
photovoltaic modules, inverters rating, tilt angle, azimuth angle,

system such as rating and
orientation (horizontal and vertical mounting) of photovoltaic
modules, frame size, array row arrangement, inter-row spacing
between PV array, and AC/DC electric cables during the design
process for PV systems (Habib et al., 2023b; Habib et al., 2023c).
When developing a simulations model of PV plants, PVSyst
incorporates meteorological data from the NASA-SSE (Solar
System Exploration, 2023), Metronome (Meteonorm Software,
2023), and Solar Prospector (Solar Prospector, 2021) databases.
After reviewing the literature on PV/biogas hybrid system
installations, a research gap has been identified in the
investigation of these systems to provide energy to off-grid
communities. As a result, biogas will be examined in this work
as an electricity-generating system when integrated with a
photovoltaic system. A biogas production plant will be
proposed based on the number of biomass resources (animal
manure) that are readily available, and an in-depth evaluation of
the optimum power of the biogas-fed generator will be
performed. The size of the photovoltaic system to be installed
will also be selected to maximize the benefits to the energy
partners and minimize the initial cost. The design of a hybrid
renewable energy generation system for an off-grid community
center will take all of this into consideration. A significant
number of studies on photovoltaic-biogas hybrid systems have
used mathematical procedures or models like HOMER, etc. for
predicting the performance parameters and output energy.
Furthermore, there is insufficient study on the small-scale
integration of hybrid systems
Integration of photovoltaic systems with biogas systems is also

in off-grid communities.

prominent in rural communities due to the abundance of
biomass resources and sunshine hours. Therefore, this study
provides an in-depth review of integrating renewable sources,
particularly solar PV and biogas for power generation for an off-
grid community center.
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TABLE 1 Installed electrical load in community center SuperPro Designer program. This software automatically
. T calculates its own mass and energy balances.
Community building Calculated load (kW) . . gy. . )
o Section four (Hybrid system installation): A hybrid
Common load of a community center 5.0 photovoltaic-biogas renewable-based system is installed at
Public school 100 the site in the off-grid community center.

« Section five (Performance evaluation): In the last step, the

Public health center 13:80 performance evaluation of the hybrid PV/biogas system has
Public hall 2 been analysed.
Total load 30.8
2.1 Electric load calculation
2 Strategy and methOdOlOgy To meet the energy demand of the rural community center
consisting of public school, public health center, and public hall, a
This research study is organised into different sections. survey is conducted to calculate the electric load of a community

center. The installed electrical load in the community center is
« Section one (Electric load calculation): To meet the energy  specified in Table 1. The overall electrical consumption is calculated
demand of a rural community center consisting of a public  using the installed electrical equipment in all buildings. A hybrid
school, public health center, and public hall, a survey is  renewable-based system will be designed to supply the electricity in
conducted to calculate the electric load of a community  the off-grid community center.
center. The survey also evaluates the potential of renewable
energy resources like solar irradiance, availability, and type of
raw material for the biogas system. 2.2 Designing of renewable energy-based
o Section two (Designing of renewable energy-based hybrid hybl’id system
system): Based on survey results, A hybrid renewable-based
system is designed to supply electricity in the off-grid The hybrid power system is an integration of different renewable
community center by estimating the size of PV system, energy systems that also uses some backup energy sources. Solar
number of photovoltaic modules and inverter in PV energyisan uncontrolled source of energy, as its availability depends
system, size of the bio-digester, and the amount of animal  entirely on climatic conditions. Sources that can be managed in
manure required as the primary raw material for the  terms of how much energy they produce are known as controlled
generation of biogas. sources. Biogas is a controlled source of energy. It is an optimal
« Section three (Simulation of PV and biogas system): The  solution for electrifying off-grid communities. To overcome the
PVSYST software analyzes the potential of energy production  constraints inherent in the photovoltaic system and the biogas
for PV systems on an annual and monthly basis, along with the ~ system, and to achieve a highly reliable system for generating
assessment of optimal tilt angle and inter-row spacing. The  electric power at low cost. A hybrid PV-Biogas system is
simulation of the biogas system has been carried out using the ~ designed. These two sources will support and comply with each

Inverter

DC Breaker

_— -
PV System Load

I AC Breaker |
A S— i

Generator 1 ChangeOver
v BIOGAS w7

Biogas Plant

Storage System

Electric
Grid

FIGURE 1
Layout of hybrid renewable-based system.
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FIGURE 2
Equivalent model of ideal solar cell.

other to produce energy to fulfill the requirement of off-grid
community center, and feed excess power into a battery bank.
The Layout of a hybrid renewable-based system is shown in Figure 1.

PV module’s powers are combined with biogas power. That
power is utilized or absorbed by the electrical load through an
inverter that converts the direct power (DC) into alternating power
(AC). The output of a hybrid (Solar/biogas) system is utilized
directly or stored in the battery bank/pack. The inverter has
built-in protection/safety against overheating, short circuits, low
battery voltage, and overload. Depending on system requirements,
the battery bank/pack is designed to provide a specific number of
days of load without the sun or wind/biogas. Solar cells are the power
source for all photovoltaic (PV) devices. The solar cell is a solid-state
semiconductor device that generates power when exposed to
sunlight. The prime mover systems are operated by diesel engine/
petrol engines. Biogas can also be used as fuel in these engines
instead of petrol or diesel. Existing or presently available diesel
engines have been converted to dual fuels, but they are still retaining
the ability/capability to use diesel fuel, Petrol/Gasoline engines use
100% biogas. In the next subsections, the working principle of above
said equipment is elaborated to understand how they work.

2.3 Photovoltaic system

2.3.1 PV working principle

The sun is the most important source of energy for all living
activities on the earth, including the climate of the globe, the
photosynthesis of plants, and the entire biogeochemical system.
When electromagnetic radiation from the sun reaches the surface of
the Earth, it is transformed into different forms of energy and used
for several purposes. The two primary methods through which
humans utilize solar energy are the generation of photoelectricity
and thermal conversion. These applications indicate a significant
advancement in the effort to compete against global energy
shortages. For example, it is estimated that 60.0 TW can be
economically converted into electricity after 1.76 x10'> TW of
the original solar energy hits the Earth, considering that world
energy demand by 2050 is estimated to be about 25.0-30.0 TW.
Only solar energy will be sufficient to meet all demands and
eliminate the energy generation from the fossil fuel in the world
(Kalogirou, 2013). Solar cells are a crucial and key component of a
photovoltaic system. This component is responsible for converting
solar irradiance into electrical energy. Its operation relies on the
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photoelectric effect, and the photoelectric effect is generated when
particular materials are exposed to light. Functional analysis of the
silicon solar cell (SC) uses a single-diode model. There are two types
of silicon solar cell (SC) operation in a single diode model: the ideal
SC without crystal defects, followed by a real SC involving crystal
defects.

2.3.1.1 Ideal SC model
A diode with the following three parameters is used to represent
the ideal silicon solar cell (SC Model):

o I; (Diode current)
o I, (short circuit current)
o Current (I) feed into load.

In Figure 2, a simplified model of the equivalent circuit of an
ideal SC is shown, taking into consideration the fact that there is no
current or voltage drop.

The short circuit current (I,) is calculated by applying
Kirchhoff's law to the node (A) of the equivalent model of
silicon solar cell (SC).

)

I, =1+10(e T —1) (1)
Where

o I,: Reverse saturation current of diode

o Vg4: Voltage across the junction

o m: Ideality factor of diode

The current (I; ) passing through the diode is calculated as
I = 10<e(%)—1) )

From the Eq. 1, we obtained two operating points of the silicon
solar cell in the following ways:
For short circuit (V4 = 0)

Lo = I +1,(e()-1)

Le=T+I,(1-1)

I.=T+1,(0)

=1 (3)

For open circuit (V4 =V, and I = 0)
I.=1+ In(e(%)q)
I= 0+1,,(e(%)—1>

I.. o
I_ = (e (%(T _1>

o

v, = mKT 1n<5 +1> (4)
q I,

o

The manufacturer-provided parameters of short circuit current
(Is) and open circuit voltage (V) are crucial for plotting the I-V
curves (Peter and Cardona, 2010).
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FIGURE 3
Equivalent model real solar cell.

2.3.1.2 Real solar cell model

The analysis of real solar cells takes into account all defects of the
cell, i.e. defects of semiconductor material, junctions, and metal
contacts. As illustrated in Figure 3, these defects are grouped into a
series resistor (R;) and a parallel resistor (R,) (Peter and Cardona,
2010).

The short circuit current (I,.) and the current fed into the load
can be translated into the following equation when Figure 3 is taken
into consideration:

I c=T4+1,+1 (5)
ISC_Id_Ip=I
I=Ic-14-1, (6)

From the previous equation, putting values in Equation 6

q(V+Rs l) _ V +1Rs @)

I1=1 —Io( mKT —
sC € Rp

2.3.1.3 Photovoltaic (PV) modules

The solar cells are put together as a module, and then combined
into an array, to produce the power that is required. The main
feature of the PV module provided by the manufacturer is the:
Module Peak Power (P y.x), Open-Circuit Voltage (V,c), Max.
Power Voltage (V,,;), Module Short Circuit Current (Iy),
Module Max. Power Current (I,,) and Module Efficiency.
Under standard test circumstances (STC), these parameters have
been assessed at 1000 W/m? solar irradiance, 25°C cell temperature,
and an air mass of 1.5G (Sinovoltaics, 2022). The PV derating factor
is the difference between the nominal and actual performance of the
module. This difference is due to high temperature, dust, shadow,
line loss, and aging. The derating factor is usually about 90.0%, but in
a hot climate may be about 70.0%-80.0% (Pveducation, 2022).

2.3.2 Photovoltaic system designing

The calculated electrical load of the off-grid community center
has to be considered while designing a PV energy generation system.
Solar array design factors are taken into account when planning and
designing a PV system. A 30.80 kW photovoltaic system consists of
YINGLI Solar (PANDA 3.0 PRO 550 W). The open circuit voltage of
the PV module is 50.26 V, the maximum voltage (V) of the PV
module is 41.57 V, and the module efficiency of 21.29%. SolarMax
30kw Hybrid inverter (SM-TX-30K) is used in designing of PV
system with a rated output power of 30 kW and MPP Voltage Range

Frontiers in Energy Research

10.3389/fenrg.2023.1283586

0f 500 VDC ~ 900 VDC. Table 2 summarises the design parameters
of the PV system.

2.4 Biogas system

Anaerobic fermentation of organic materials produces biogas,
and the technologies required to achieve this are renewable, readily
available, abundant, and inexpensive. Thousands of biogas plants
are operational in many developing countries (Ali et al, 2022;
Seyitoglu et al., 2022; Yadav et al, 2022; Tavera-Ruiz et al,
2023). However, the further widespread production and use of
biogas is primarily dependent on the availability of cheap/
inexpensive and suitable designs of plants that are constructed by
using locally or easily available materials and techniques. This
research study explains the method of biogas production, and the
factors that influence the design of plants. The biogas plant’s design,
installation, operation, and maintenance details are explained with
appropriate descriptions. In addition to operating specifications for
cooking and lighting, it also covers the design of equipment for the
use of biogas. The causes and accepted solutions to installation,
operational, and technical problems occurring in biogas plants and
equipment have been identified.

2.4.1 Biogas working principle

A mixing chamber is used for mixing various biomass sources
(such as animal manure, agri. or food waste, etc.) with an equal
amount of water (H,O). A slurry forms during this procedure.
Through the inlet pipe, the entire slurry enters the digester. The
introduction of the slurry stopped when the biogas digester was filled
with slurry. Anaerobic bacteria in the digester break down or
ferment biomass during retention time (20-35days) (Abbasi
et al, 2011; Admasu et al, 2022). Biogas is produced in the
process of anaerobic degradation, and the dome of the plant
starts to collect biogas. As an increasing amount of gas begins to
collect, the waste slurry is forced into the outlet chamber by the
pressure of the biogas. The compost pit collects an abundance of
waste slurry from the outlet chamber. When a gas supply is required,
open the gas valve installed on the dome of a biogas plant. The
prepared slurry is continually fed into the operating plant to obtain a
continuous supply of biogas.

2.4.2 Methane (CH,) production
2.4.2.1 Airtightness

Decomposition of organic matter in the presence of oxygen
produces carbon dioxide and in the absence of oxygen methane
(CH4) is produced. Biogas digester air/water tightness is crucial
(Weiland, 2010).

2.4.2.2 Temperature

Fermentation temperature will greatly affect biogas production.
According to the main conditions, methane (CH,) is produced over
a wide temperature limit/range. However, the microorganism
involved in methane (CH,) fermentation has the best activity at
range from 30.0°C to 50.0°C. Biogas production is highest in the
summer season and lower in the winter season. Methanogenic
microorganisms are very sensitive to changes in temperature, and
mutations when exceeding more than 40°C that affect production, so
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TABLE 2 Design par ters of PV sy

PV module data Inverter electrical
(electrical data at STC) data
Module YINGLI Model PANDA 3.0 Inverter manufacturer SolarMax SM-TX-30K
manufacturer solar PRO 550 W
Power Output-P,.. 550 W Power Output Tolerance-AP,,., 0/+5 Max PV Input 45 kW Rated Output Power 30 kW
Voltage at Prax—Vimp 4157V Current at Prax - Tmp 1324 A Nominal DC Voltage 950 VDC Max Input Current 72A
Open-circuit voltage -V, 50.26 V Short-circuit current -Ig. 13.99 A Nominal Output Voltage 230 VAC Max AC Input Current 65A Per Phase

Inverter Rating (kW) MPP Voltage Range DC/AC

30 kW 500 VDC ~ 900 VDC 1:1

3 703.64 581.98
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TABLE 3 Biogas production from various raw materials.

10.3389/fenrg.2023.1283586

TABLE 4 Average production of manure from various living things.

Serial No. Biomass materials  Biogas production m*/kg
1 Cattle Dung 0.050 Cow 10
2 Fruit/vegetable waste 0.091 Buffalo 15
3 Food Waste 0.160 Bullock 14
4 Green Leaves 0.100 Goats, Ewes, and rams 1
5 Bamboo Dust 0.160 Lambs 0.50
6 Dry Leaves 0.118 Duck 0.10
7 Bagasse 0.330 Ten hens 0.40
Human beings 0.40

the relative stability of the temperature must be guaranteed
(Weiland, 2010).

2.4.2.3 PH factor

A microorganism-neutral or slightly alkaline environment that
is too alkaline or too acidic is harmful. The ideal pH range is between
7.0 and 8.0, but it can rise or fall by 0.50. PH depends upon the
acidity along with alkalinity, as well as the carbon dioxide (CO,)
content of the digester/fermenter of the biogas plant. The
determining factor is the acid concentration. Acetic acid should
have a measured concentration of volatile acids below 2000.0 parts
per million for normal fermentations. Excessive concentrations can
impede/inhibit  the (CHy)
microorganisms (Abbasi et al., 2011).

strongly action of methane

2.4.2.4 Solid content
Raw materials have a solid content of 7.0%-9.0%. The dilution
ratio should be 4:5 or equal proportion (Tamoor et al., 2020a).

2.4.2.5 C/N ratio

The ratio between carbon and nitrogen must be between 25.0:
1.0 and 30.0:1.0. The different ratios of different raw materials will
vary (Tamoor et al., 2020a).

2.4.2.6 Water content

This should be 90.0% of the total. When the amount of water
(H,O) is too large, the productivity per volume unit in the digester
decreases, which impedes/hinders optimum use of the digester. If
H,O (water) contents are too low/little, acetic acid (CH;COOH) will
accumulate, which inhibits the process of fermentation, resulting in
thick scum on the surface. The H,O (water) content varies
depending on the raw materials used for the process of
fermentation (Abbasi et al., 2011).

2.4.2.7 Supplementary nutrients

In situations when cow manure is used, it is not necessary to add
nutrients as it contains all the nutrients that the organism needs to
produce methane (Tamoor et al., 2020a).

2.4.2.8 Reaction period

Under optimal conditions, a total gas production of 80.0%-
90.0% is obtained in 4-5weeks. The size of the digester is
determined by the reaction time (Abbasi et al.,, 2011).
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2.4.2.9 Harmful materials

Micro-organisms that contribute to the production of biogas
are susceptible to many harmful substances. The maximum
allowable concentrations of such hazardous substances are as
sodium chloride (NaCl) is 40.0 parts per billion, copper (Cu) is
0.0001 kg per litre, ammonia (NH3) is 1500.0-3000.0 mg per litre,
sodium (Na) is 3500.0-5500.0 mg per liter, potassium (K) is
2500.0-4500.0 mg per litre, calcium (Ca) is 2500.0-4500.0 mg
per litre and magnesium (Mg) is 1000.0-1500.0 mg per litre
(Eziyi and Krothapalli, 2014). These toxic substances should
not exist, or their concentration should be diluted, e.g. by
adding (H,O) water.

2.4.2.10 Methane content of biogas

Biogas produce from different raw materials has different
55%-90%
methane content, fruit/vegetable waste has 49.20%, food waste
has 62%, green leaves has 65%, bamboo dust has 71.50%, dry
leaves have 59.20% and bagasse has 56.90% methane content
(Tamoor et al., 2020a).

methane concentrations cattle manure contains

2.4.2.11 Gas production

The precise quantity of biogas production relies on several
variables. The first is that the amount of animal manure varies
based on the breed of animal, the type of feed, the season of year
(summer or winter), and whether the animal lives in a stable or is
allowed to graze freely. Table 3 given below gives an idea about the
amount of gas that can be obtained from different types of raw
materials (Abbasi et al., 2011).

2.4.3 Designing of biogas plant

A survey has been conducted in the off-grid region, and it was
found that the average household within the region has more than
10 animals. Table 4 provides information on the average manure
production of several living things (Habib et al., 2023b).

Fifteen households are located in the off-grid rural community,
and they supply 20 kg of manure (cow or buffalo, etc.).

Total animal manure is 15x 20 = 300 kg (8)

Average production of biogas from animal manure/kg = 0.05 m’
(Habib et al., 2023b).
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TABLE 5 Meteorological and Incident Energy of the PV system.

Meteorological data

10.3389/fenrg.2023.1283586

Incident energy

DHI Wind Ambient = Global incident Sky diffuse Albedo Incident sky

velocity Temp in collector incident in incident in diffuse/Global
plane collector plane  collector plane ratio

kWh/m?/  kWh/m?*/ m/s kWh/m?/ kWh/m*/month  kWh/m?/month
month month month

January 84.7 45.62 13 11.26 62.2 39.85 0.287 0.000
February 97.1 48.98 1.8 15.26 77.2 43.99 0331 0.000
March 142.4 71.24 2.0 20.87 122.6 6591 0.485 0.000
April 162.9 86.18 23 26.49 1502 82.14 0.555 0.000
May 188.9 98.98 26 32.10 1812 96.43 0.643 0.000
June 1837 98.10 26 31.85 179.5 96.71 0.626 0.000
July 169.0 99.51 2.1 30.82 163.7 97.25 0575 0.000
August 162.9 96.00 17 3021 152.8 92.11 0.554 0.000
September 157.0 70.72 1.6 28.03 1382 66.22 0.535 0.000
October 1382 56.72 1.2 24.85 110.0 50.89 0.471 0.000
November 103.1 4145 1.0 18.22 73.1 3579 0.350 0.000
December 84.0 38.78 11 13.14 57.7 3327 0.285 0.000
Year 1673.9 852.27 1.8 23.63 1468.3 800.56 5.697 0.000

Total biogas production = Total animal manure collected in kg x 0.05

)
Biogas production = 300 x 0.05
=15m’
The efficiency of the biogas plant is 80.0%
Total gas production = 15 mz x 80% (10)
=15m’x0.80
Total gas production = 12 m’ (11)

A biogas plant needs to be designed that will produce 12 m® of
gas each day. The following mathematical formulae (12) are used
to calculate the size of domestic scale biogas plant:

Biogas plant digester size (m’) =

Daily input feedstock (slurry)x Retention time (day) (12)

The ratio of raw feedstock (animal or food waste) and water is
1.0:1.0

Daily input feedstock (slurry)= Raw feedstock + Water ~ (13)

Daily input feedstock (slurry) = 300 kilogram + 300 kilogram water
= 600 kilogram

The optimum retention time of input feedstock (salary) in the
digester of the biogas plant is 30 days.

Total input feedstock in digester for 30 days = 600 kg x 30 days
= 18,000 kilogram
(14)
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1 Cubic Meter = 1,000 kg

18,000 kilogram = 18,000/1000

Total input feedstock in digester = 18 Cubic Meter (15)

To produce 12 m’® of biogas per day from the daily intake of
300 kg of raw material (animal manure), the digester of the biogas
plant must have a minimum capacity of approximately 18 m’. The
most appropriate dimensions for the 18 m® biogas digester are
2.10 m in radius and 1.30 m in depth. The cylindrical volume of
the biogas digester is calculated by Equation 16 given below.

V =nr’h
V = 3.14 x(2.10)* x (1.30)

(16)

Volume of biogas digester = 18.006 m’
The dome of the digester can store 60 to 80 percent of the daily
biogas production. A volume of 75% of the daily total biogas

production is chosen for this research investigation.
75% of 12 m*biogas = 9 m’ (17)

Hence, a 9 m® dome of the digester is required to store the
biogas. The suitable dimensions for the 9 m® dome are radius
(2.10 m) and height (1.18 m). The Equation 18 given below is
used for calculating the volume of the spherical dome.

1
V= g;zh(ar2 +h?) (18)

1
V= s 1.18 (3(2.10)* + (1.18)%)

V=9.02m?
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TABLE 6 Simulation results of designed PV system.

Description Output

Effective energy at output photovoltaic array 37180 kW-hour/year

Annual production of a designed system 34428 kW-hour/year

Specific production 1118 kW-hour/kWp/year

Performance ratio (PR) 81.72%

Normalized production 3.06 kW-hour/kWp/day
Photovoltaic array losses 0.44 kW-hour/kWp/day

System losses 0.24 kW-hour/kWp/day

V =90m’

Therefore, a 27 m’® biogas plant is designed and installed to
produce 12 m® of biogas. This 27 m’ biogas plant have 18 m*® plant
digester tank and 9 m*® dome of the digester.

3 Results and discussions

3.1 Meteorological and incident energy of
the PV system

In Table 5, the meteorological as well as incident energy of the
PV system at the chosen site is presented. This data includes global
horizontal irradiance (GHI), diffuse horizontal irradiance (DHI),
wind velocity, ambient temperature, global incident in the collector
plane, sky diffuse incident, albedo incident, and incident sky diffuse
to global ratio. These factors are crucial for the modelling of
photovoltaic (PV) energy generation systems because they assist
in assessing the site’s energy potential. At the selected location,
annually GHI is 1673.9 kWh/m?, and annually DHI is 852.27 kWh/
m”. The annual global incident in the collector plane is 1468.3 kWh/
m’, whereas the sky diffuse incident is 800.56 kWh/m? and the
albedo incident is 5.697 kWh/m? These values are at their
maximum in the summer season and their lowest in the winter
season due to fog, rain, and other causes. The selected research site
receives the most optimal solar irradiance throughout the year for
the generation of photovoltaic energy. The annual average wind
velocity is 1.8 m/s and the average annual ambient temperature is
23.63°C. The highest temperature measured is 32.10°C in May, and
the lowest temperature measured is 11.26°C in January. In
comparison to the winter and rainy seasons, the summer season
has the highest measured ambient temperatures (°C). It was found
that both wind speed and solar irradiance had an impact on the
ambient temperature. Due to continuous exposure to solar
irradiance, PV module temperature also increased.

3.2 Simulation study of designed systems

3.2.1 Simulation of photovoltaic system

The PVSYST software analyses the potential of energy
production for solar (PV) modules on an annual and monthly
basis, along with the assessment of optimal tilt angle and inter-
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FIGURE 4
Monthly energy generation of the photovoltaic system.

row spacing. This is performed at both the optimal tilt angles and
orientations (true north or south). Table 6 shows the simulation
results of designed photovoltaic system for off-grid community
center. The annual production of the PV system is 34428 kWh/
year, specific production of the system is 1118 kWh/kWp/year and
annual performance ratio (PR) is 81.72%. The Normalized
production of the designed PV system is 3.06 kWh/kWp/day, the
Photovoltaic Array losses (collection losses) are 0.44 kWh/kWp/day
and the overall system losses including inverter losses 0.24 kWh/
kWp/day.

The monthly energy generation of the photovoltaic system is
presented in Figure 4. The total annual effective energy of a
photovoltaic array is 37180 kWh. The PV array’s energy
production fluctuates from 1484 kWh in December, 1557 kWh
in January to 4490 kWh in May, and 4392 kWh in June. With the
use of an inverter, this energy is converted into AC energy. The
total amount of annual AC energy is computed to be 34428 kWh.
The amount of AC energy fluctuates from 1342kWh in
December, 1411 kWh in January, 4180 kWh in May, and
4082 kWh in June. Therefore, a difference in output energy
between DC and AC is seen, which is caused by system losses.
In various months (often October, November, December,
January, and February), the expected output energy on the PV
array side and the AC side declines. This is due to the influence of
meteorological conditions, particularly solar irradiance, and
losses in other components of a photovoltaic system.

The primary performance indicator of a photovoltaic system
that defines its design attributes is called the performance ratio
(PR). This indicator is also known as quality parameters. The
ability of a photovoltaic system to produce energy is evaluated
using the performance ratio (PR). It represents the losses incurred
by the photovoltaic system during the conversion of DC energy to
AC energy and is expressed as the ratio between the final yield and
the reference yields. Figure 5 shows that the average annual
performance ratio of the PV system is approximately 81.72%,
the highest PR is 84.7% in February, and the lowest PR is
79.6% in June. Due to the influence of climatic conditions,
primarily an increase in the photovoltaic module temperature
that results in overall energy loss, the performance ratio of the
photovoltaic system under consideration falls in many months
(frequently in May, June, and July).
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TABLE 7 Normalized performance coefficients.

Reference system  Collection loss  Array yield System loss  System yield Array Loss/ System Loss/
yield (Yr) kWh/ (Lc) kWh/ (Ya) kWh/ (Ls) kWh/ (Yf) kWh/ Incident Incident

m?/day kWp/day kWp/day kWp/day kWp/day energy (Lcr) energy (Lsr)
January 1.74 0.11 1.63 0.15 148 0.067 0.087
February 265 022 243 0.20 224 0.079 0.074
March 3.68 035 333 0.24 3.08 0.098 0.066
April 495 0.59 436 030 4.06 0.118 0.060
May 5.48 0.78 470 033 438 0.144 0.059
June 5.56 0.81 475 0.34 442 0.144 0.060
July 5.04 0.65 439 031 4.08 0.131 0.062
August 4.66 0.59 4.07 029 3.78 0.125 0.062
September 423 0.50 3.73 0.27 3.46 0.121 0.063
October 3.17 035 2.82 021 2.60 0.109 0.067
November 2.06 0.17 1.89 0.16 1.72 0.087 0.079
December 1.69 0.14 1.55 0.15 141 0.077 0.088
Year 3.75 0.4 331 0.24 3.06 0.117 0.065

Simulation results for the normalized performance coefficient  3.31 kW-hour/kWp/day, the normalised system losses (Ls) due to
are shown in Table 7. Photovoltaic arrays experience system losses  an inverter and other losses are 0.24 kW-hour/kWp/day, and the
(Ls), including switching losses of power electronics devices, heat  normalised system Yield (Yf) at the inverter output is 3.06 kKW-hour/
losses, and cable resistance losses, as well as collection losses (Lc), ~ kWp/day.
including losses from surface friction and losses that occur during All factors that contribute to energy losses must be taken into
the collection of photons in semiconductor materials, when electron ~ account when planning and installing a PV energy generation
jump losses between semiconductor materials. Furthermore, useful ~ system, even though it is difficult to predict energy losses in
energy loss (Lu), is the output of the inverter after deducting all other ~ advance with any degree of accuracy. The predicted annual and
losses. Due to the low solar irradiance in November, December, and ~ monthly energy losses are shown in Table 8 and include losses in
January, it indicates that energy output is much lower during those ~ module quality, photovoltaic array mismatch losses, inverter losses,
months. The normalised collection losses due to PV-array losses are  and ohmic wiring losses in the DC array. The total annual losses in
0.44 kW-hour/kWp/day, the normalised PV array yield (Ya) is  photovoltaic module quality are -284.977 kWh, total annual
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TABLE 8 Detailed losses of PV system.

Loss in module quality = Module array mismatch ~ Ohmic wiring loss  Array virtual energy at Inverter
(ModQual) loss (MisLoss) (OhmLoss) MPP (EArrMPP) Losses(InvLoss)
kWh kWh kWh kWh kWh
January ~11.886 3353 6.11 1557 145.9
February ~16.055 4529 12.00 2099 168.3
March -24.325 68.62 22.85 3176 2307
April 30.893 87.15 34.96 4028 273.6
May 34.486 97.29 44.92 4490 310.6
June ~33.743 95.19 45.22 4392 310.3
July -32.158 90.72 39.23 4190 2982
August -29.816 84.11 33.66 3888 2737
September —-26.388 74.44 28.15 3442 245.1
October -20.577 58.05 16.95 2689 202.8
November -13.323 37.58 7.79 1744 151.8
December ~11.324 31.95 5.75 1484 1415
Year -284.977 803.92 297.58 37180 27524

TABLE 9 Detailed inverter losses.

Inverter Global Inverter loss Loss due to Loss due to Loss due to low Loss due to IL
efficiency inverter during power power over voltage MPP upper voltage Imax
loss operation threshold charging window MPP window
% kWh kWh kWh kWh kWh kWh kWh
Jan | 90.6 1459 1453 0.565 0.000 0.000 0.000 0.000
Feb | 92.0 168.3 168.1 0.195 0.000 0.000 0.000 0.000
Mar | 927 230.7 230.4 0360 0.000 0.000 0.000 0.000
Apr | 932 2736 2734 0.184 0.000 0.000 0.000 0.000
May = 93.1 310.6 310.4 0.192 0.000 0.000 0.000 0.000
Jun | 929 3103 309.9 0.379 0.000 0.000 0.000 0.000
Jul | 929 298.2 297.7 0.502 0.000 0.000 0.000 0.000
Aug | 93.0 2737 2729 0.753 0.000 0.000 0.000 0.000
Sep 929 245.1 245.1 0.000 0.000 0.000 0.000 0.000
Oct 925 202.8 202.1 0.726 0.000 0.000 0.000 0.000
Nov | 913 151.8 151.6 0.182 0.000 0.000 0.000 0.000
Dec  90.5 1415 141.1 0.371 0.000 0.000 0.000 0.000
Year | 92.6 2752.4 2748.0 4410 0.000 0.000 0.000 0.000

module array mismatch losses are 803.92 kW, total ohmic wiring  “inefficiency loss,” or “loss during operation,” which is calculated
losses in the DC array are 297.58 kWh and total annual inverter  using the efficiency curve, and the “loss (IL_Pmin)” which occurs
losses are 2752.4 kWh. when the array’s power is insufficient to start the inverter. When the

The detailed inverter losses are shown in Table 9. The term  MPP power exceeds the input power essential to produce the
“inverter losses” refers to a variety of losses, including “global  specified PNom(ac), the inverter adjusts the operating point on
inverter losses” which is the total of all inverter losses, theI/V curve to obtain accurately the required power for PNom(ac).
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TABLE 10 Simulation result of biogas system.

Main substances Volume (%)

Methane 89.64
Carbon Dioxide 5.99
Oxygen 0.43
Hydrogen 0.05
Hydrogen sulfide 3.81
Moisture 0.08

Methane Content (%)

15 20 25
Hydraulic Retention Time (Days)

FIGURE 6
Impact of HRT on methane content.

This causes inverter loss due to power overcharging (IL_Pmax). The
distinction between the Pmpp and this corrected power is
represented by this IL_Pmax loss value. Inverters also face losses
as a result of the upper voltage MPP window (IL_Vmax) and the
lower voltage MPP window (IL_Vmin). The inverter will clip the
Vmpp to the limit value if it is outside the window of the inverter
(Vmppmin/VmppMax). The annual average operating efficiency of
the inverter is 92.6% and global inverter losses are 2752.4 kWh.

3.2.2 Simulation of biogas system

The simulation of the biogas system has been carried out using
the SuperPro Designer program. After receiving all of the input data,
the software automatically calculates its own mass and energy
balance, volume of every component process, and power
requirements. It is necessary to specify the raw material’s
composition before simulation. The input stream contains raw
material in the form of animal manure. The water stream and
input stream (animal manure) are combined in a 1:1 ratio. At 40 °C
and 2 atmospheric pressure, the mixtures of water and animal
manure enter the biogas digester. The simulation findings of this
research study show an adequate match with the composition of
conventional biogas. The two main substances that makeup biogas
are methane (CH,) and carbon dioxide (CO,), which account for
89.64% and 5.99%, respectively as shown in Table 10. Additionally,
there are 4.37% of trace components, which include oxygen,
hydrogen (H,), hydrogen sulphide (H,S), and moisture.

In this research study, we performed two sensitivity analysis
based on hydraulic retention time and moisture content. To perform
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Impact moisture on methane content.

a first-sensitivity analysis, various hydraulic retention times (HRT's)
used in the anaerobic digestion process are systematically taken into
consideration. For this research study, HRT for input material
ranges from 10 to 30 days. By changes in the hydraulic retention
time, Figure 6 demonstrates how the content of methane (CH,)
varies. As retention time increases, the content of methane increases
linearly. At various HRTs of 10, 15, 20, 25, and 30, the content (%) of
CH, is 22.67%, 39.11%, 55.49%, 67.72%, and 79.25%, respectively.
Methanogens often have a slower rate of regeneration
than hydrolysis acidogenesis bacteria. To prevent methanogens
from being washed out, the hydraulic retention time needs to be
long enough to keep them inside the digester.

The second sensitivity analysis aims to identify the impact of
different water ratios used in the anaerobic digestion (AD)
process. The amount of raw material (animal, food waste, etc.)
remains constant while the amount of water gradually increases
to evaluate the impact of the moisture content in methane (CH,)
formation. Figure 7 shows that methane (CH,) production
increases as the amount of moisture in the feedstock increases.
However, carbon dioxide production marginally decreased when
additional water was supplied to the bioreactor feedstock. When
the amount (vol%) of the water and raw material is the same, raw
material (animal, food waste, etc.) can produce a significant

amount of methane.

3.3 Power generation from installed system

Measurements of power generation from hybrid system,
photovoltaic system, biogas system as well as the load have been
recorded for 15days in order to investigate and evaluate the
performance, and production of the renewable energy-based
hybrid system. For the first day, measurements are recorded on
an hourly basis to evaluate how well the hybrid system as well as
standalone system are working. After that measurements are
recorded three times a day, in the morning, at noon, and in the
afternoon, to determine the total power generated by the hybrid
photovoltaic-biogas system and the load on the off-grid community
center. Figure 8 shows the power generated by renewable energy
sources (photovoltaic system and biogas system individually) as
well as the total power generated by the installed hybrid
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FIGURE 9
Hybrid system power and load demand during the morning hours.

photovoltaic-biogas system and the load demand of the community
center at that time, which is analysed on an hourly basis. It was
observed that the maximum generated power of PV system is
25.2kW, while the maximum generated power of the biogas
system is 8 kW. At day time, the maximum power generation of
hybrid photovoltaic-biogas and the maximum load demand of the
community at that time are 25.2 kW and 24.31 kW, respectively. At
night time, the maximum power generation of the hybrid system
and the maximum load demand are 9 kW and 8.3 kW, respectively.
Therefore, it can be seen from Figure 8, that the hybrid PV/biogas
system entirely meets the peak load requirement of the community
center at each time. These findings of research study shows
that community center become electrically independent and
autonomous because of the hybrid power systems.
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Figure 9 shows the combined electrical power from the hybrid
photovoltaic-biogas system and load demand of the community
center for 15 days during the morning hours. The results show that
the hybrid photovoltaic-biogas system is capable of supplying
13.396 kW of power at its peak in the morning, whereas the
highest demand of the community center is 11.978 kW.
Therefore, it can be seen that the hybrid PV/biogas system
entirely meets the peak load requirement of the community
center and the hybrid system normally delivers more power than
is required by the load. In the energy storage system, this additional
generated power is stored. At the condition, when the hybrid system
generates lower power than is required by the load as a result of the
severe weather, especially foggy season. To meet the demands of the
load at that moment, the system draws additional power from the
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FIGURE 11
Hybrid system power and load demand during the noon hours.

energy storage system to ensure the stability and reliability of the
system. The findings of the research study demonstrate that
community and
autonomous because of the hybrid power systems. Figure 10

shows the power factor (PF) and frequency of the hybrid system

centers become electrically independent

for 15 days during the morning hours. The PF of the system
fluctuates between 0.847 and 0.927 and the frequency of the
system fluctuates between 49.74 HZ and 49.99 HZ.

Figure 11 shows the combined electrical power from the hybrid
photovoltaic-biogas system and load demand of the community
center for 15 days during the noon hours. The results show that the
hybrid photovoltaic-biogas system is capable of supplying 23.94 kW
of power at its peak in the noon, whereas the highest demand of
community centers is 20.064 kW. Therefore, it can be seen that the
hybrid PV/biogas system entirely meets the peak load requirement
of the community center and the hybrid system normally delivers
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more power than is required by the load. As the electrification of the
off-grid community will create opportunities for an improvement in
the standard of life of the locals, the surplus power produced by the
hybrid photovoltaic-biogas system will be utilized in the future to
connect additional consumers simply by expanding the boundaries
of the electric distributing system and adding additional energy
storage system. Because the designed and installed photovoltaic-
biogas system generates additional power, distributing it to the
community will provide an economic surplus that will eventually
pay off the initial investments. In severe weather, especially foggy
season, the demands of the load are fulfilled by the system drawing
additional power from the energy storage system to ensure the
stability and reliability of the system. Figure 12 shows the power
factor (PF) and frequency of the hybrid system for 15 days during
the morning hours. The PF of the system fluctuates between
0.92 and 0.98 and the frequency of the system is constant at 50 HZ.
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Hybrid system power and load demand during the afternoon hours.

Figure 13 shows the combined electrical power from the hybrid
photovoltaic-biogas system and load demand of the community
center for 15 days during the afternoon hours. The results show that
the hybrid photovoltaic-biogas system is capable of supplying
13.396 kW of power at its peak in the afternoon, whereas the
highest demand of community centers is 11.978 kW. Therefore, it
can be seen that the hybrid PV/biogas system entirely meets the peak
load requirement of the community center and the hybrid system
normally delivers more power than is required by the load. The
findings of the research study demonstrate that community centers
become electrically independent and autonomous because of the
hybrid power systems. Figure 14 shows the power factor (PF) and
frequency of the hybrid system for 15 days during the morning
hours. The PF of the system is fluctuates between 0.89 and
0.96 and frequency of the system fluctuates between 49.89 HZ
and 49.99 HZ.
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3.4 Biogas purification

The biogas produced is usually stored in biogas digesters or large
impermeable bags in biogas plants. The gas produced by the digester
is transferred in a pipe to an adjacent generator and pressurized by
the digester. However, biogas contains a significant quantity of
carbon dioxide (CO,), hydrogen sulfide (H,S), and water vapors,
these gases are essentially useless as fuel. Therefore, to make biogas
appropriate for use in engines or generators, carbon dioxide (CO,),
hydrogen sulphide (H,S), and water vapour must be removed. In
this research, we use the water scrubbing method.

Carbon dioxide (CO,) and hydrogen sulphide (H,S) are
physically absorbed in water under high pressure during water
scrubbing. Carbon dioxide (CO,) present in raw biogas reacts
with water (H,O) and forms carbonic acid (H,CO3;). Water
scrubbing is the cheapest and simplest biogas upgrading
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TABLE 11 Composition of raw and purified biogas.

10.3389/fenrg.2023.1283586

Content Unit Raw biogas Water scrubbed biogas
Methane (CH,) (%) 65.23 90.57
Carbon Dioxide (CO,) (%) 41.01 7.03
Hydrogen sulfide (H,S) (ppm) 988 115
Oxygen (0) (%) 2.81 1.69
Moisture (%) 4.01 3.48
sources have seasonal and daily variations, they are environmentally
50 — 0.98 friendly, inexhaustible, and non-polluting. The use of locally
49.98 096 available renewable energy to supply the countryside with energy
45166 054 is one of the best possible solutions. Currently, renewable energy,
5 4954 even in off-grid communities, plays a vital role in providing
= 092, fundamental  energy  services such as lighting and
S ~ o . . : :
g 0.9 communications, heating cooling, cooking, pumping, and
499 . . . .
g 088 promoting economic development. This study evaluates a hybrid
49.88 - . . .
power system that combines PV and biogas system to provide
49.86 0.86 lectrici . .
electricity to an off-grid community center. The purpose of the
4984 0.84 study is to promote the use of local renewable energy sources. This
1 2 3 45 6 7 8 9 1011 1213 1415 ) )
Days study examines the individual and collective performance of a
hybrid renewable energy system.
FIGURE 14

Power factor and frequency of the hybrid system during the
afternoon hours.

method, which uses pressurised water as the absorbent. The raw
material biogas can be fed directly under storage pressure from
the bottom into the scrubber while spraying pressurized water
through the top nozzle. The absorption process is therefore
counter current. This dissolves carbon dioxide (CO,) and
hydrogen sulphide (H,S) in water and is removed by physical
absorption because CO, and H,S are more soluble in water than
methane (CHy). Since H,S is more soluble than CO, in water,
water scrubbing can also be used to selectively remove H,S by
further increasing the biogas pressure. A PVC pipe with a 4.50-
inch diameter and a length of 6.0 feet is used for constructing a
water scrubber. Water is supplied from the upper side of the
scrubber (5.0 inches down from the top) and sprayed through a
nozzle. The raw biogas is fed from the bottom of the scrubber (up
to 5.0 inches from the bottom), thus providing a 5.0 feet height
for scrubbing raw biogas with water. The raw biogas from the
plant enters directly into the water scrubber. The washed water is
drained from the bottom of the water scrubber, where a U-bend is
provided for storing water and preventing the outflow of biogas.
From the top of the scrubber, cleaned and purified biogas is
released. The content of raw and purified biogas is shown in
Table 11. The water-scrubbed biogas has 90.57% methane, and
7.03% carbon dioxide.

4 Conclusion

Recent developments in the field of renewable energy have
enabled the deployment of efficient and cost-effective renewable
energy technologies to solve energy problems. Although renewable
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The PVSYST software analyses the potential of energy
production for solar (PV) modules on an annual and monthly
basis, along with the assessment of optimal tilt angle and inter-
row spacing. The total annual effective energy of a photovoltaic
array is 37180 kWh. The PV array’s energy production fluctuates
from 1484 kWh in December, 1557 kWh in January, 4490 kWh in
May, and 4392 kWh in June. With the use of an inverter, this
energy is converted into AC energy. The total amount of annual
AC energy is computed to be 34428 kWh. The amount of AC
energy fluctuates from 1342 kWh in December, 1411 kWh in
January, to 4180 kWh in May, and 4082 kWh in June. The
average annual performance ratio of the PV system is
approximately 81.72%, the highest PR is 84.7% in February,
and the lowest PR is 79.6% in June. The total annual losses in
photovoltaic module quality are —284.977 kWh, total annual
module array mismatch losses are 803.92 kW, and total ohmic
wiring losses in the DC array are 297.58 kWh. The annual average
operating efficiency of the inverter is 92.6%, and global inverter
losses are 2752.4 kWh.

The simulation of the biogas system has been carried out using
the SuperPro Designer program. The two main substances that
makeup biogas are methane (CH,) and carbon dioxide (CO,), which
account for 89.64% and 5.99%, respectively. Additionally, there are
4.37% of trace components, which include oxygen, hydrogen (H,),
hydrogen sulphide (H,S), and moisture. In this research study, we
performed two sensitivity analysis based on hydraulic retention time
and Moisture content. For this research study, HRT for input
material ranges from 10 to 30 days. As retention time increases,
the content of methane increases linearly. At various HRTs of 10, 15,
20, 25, and 30, the content (%) of CHy is 22.67%, 39.11%, 55.49%,
67.72%, and 79.25%, respectively. In the second sensitivity analysis,
the rate of methane (CH,) production increases as the amount of
moisture increases and maximum when the amount of water and
raw material are the same.
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Measurements of power generation from hybrid, photovoltaic,
and biogas system, the loads have been recorded for 15 days to
investigate and evaluate the performance of the renewable energy-
based hybrid system. The maximum generated power of a
photovoltaic system is 25.2 kW, while the maximum generated
power of a biogas system is 8 kW. In day time, the maximum
power generation of the hybrid photovoltaic-biogas and the
maximum load demand of the community at that time are 25.2 kW
and 24.31 kW, respectively. At night time, the maximum power
generation of the hybrid system and the maximum load demand are
9kW and 8.3 kW, respectively. The photovoltaic system is capable of
supplying the demand for most of the time. When PV produces low
power, the power share from the biogas system is required to meet the
load demand. The PF of the system fluctuates between 0.92 and
0.98 and the frequency of the system is constant at 50 HZ.

The photovoltaic-biogas hybrid power system has an excellent
future because of its operational flexibility in minimizing potential
power shortages, both seasonally and at all times of the day, and
ensuring a more reliable and efficient supply of power for regions
connected to the grid and off-grid. The Sustainable Development
Goals (SDG) and other important worldwide environmental and
socioeconomic development initiatives/programs would both
benefit from increased use of power from renewable sources
because of its efficiency and minimizing of carbon footprints.
The proposed PV/Biogas hybrid system might also be viewed as
a clean development mechanism if the government provides
appropriate technical assistance and financing. As a new business
opportunity, it will be more attractive to private investors. Finally,
this
implemented methodology in this work to have the optimum
solution for practical renewable energy applications towards

research should convince decision-makers to use the

reliable solutions.
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