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This article investigates the performance metrics of two solar mini-grid systems,
Thabang Solar Mini-Grid (TSMG) and Sugarkhal Solar Mini-Grid (SSMG), based on
secondary live data, collected from Renewable Energy for Rural Livelihood (RERL)
and PVsyst software 7.4 spanning the years 2021-2023. Notably, the highest
irradiance levels were recorded in April for both TSMG and SSMG. TSMG exhibited
an energy generation of 83.206 MWh/year in 2021 and 112.140 MWh/year in 2022,
with a peak sun hour (PSH) of 55h. Conversely, SSMG energy generated
64.14 MWh/year in 2021 and 68.79 MWh/year in 2022, with a PSH of 5.7 h. The
capture loss of SSGM recorded 0.239 kWh/day to 3.322 kWh/day in 2021 and
0.082 kWh/day to 2.086 kWh/day in 2022. Also, the capture loss of TSGM
recorded 1573 kWh/day to 5.011kWh/day in 2021 and 0.470 kWh/day to
4.261 kWh/day in 2023. The efficiency of SSMG is consistently higher efficiency
compared to TSMG. The capture factor of SSMG increased from 9.76% in 2021 to
10.47% in 2022, while of TSMG 6.33% in 2021 to 8.53% in 2023. The findings
provide valuable insights into the comparative performance of these solar mini-
grid systems, contributing to the optimization and improvement of solar energy
generation in diverse environmental conditions.
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1 Introduction

Global interest is growing regarding the localization of renewable energy resources
(RER) using solar mini grids (SMG). Social issues, financial, ecological, and technological
advantages all come with SMG use. They reduce blackouts, deliver electricity in remote areas,
and improve energy efficiency. However, due to increased demand, it has become harder to
combine microgrids (MGs) and systems for managing energy while retaining robustness and
effectiveness. Investigating renewable energy resources and building MGs with efficient and
long-lasting power storage systems and demand-side control require sustainable techniques
(Shafiullah et al., 2022). Solar panels are used in photovoltaic (PV) systems, which can range
in size from tiny rooftop installations to massive utility-scale power plants. A basic PV
system that connects to the grid is shown in Figure 1. Global energy consumption has grown
significantly over the past three decades, increasing from 6131 TWh in 1973 to 23816 TWh
in 2014, and it is anticipated that this increase will enable new technology and hence enhance
quality of life. According to Guichi et al., by 2040, 56% of the global energy supply would
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FIGURE 1
Grid-Connection PV module’s configuration (Srimathi et al., 2022).

have been used (Guichi et al., 2018). Environmentally responsible
and renewable sources of energy, such as solar energy, were one
potential power source to replace non-renewable energy sources.

Solar energy has been popularly adopted as an off-grid
electrification solution in many developing countries around
the world, with varying degrees of success. It has been a
successful solution in South Asia (Palit and Chaurey, 2011), in
Tanzania and Mozambique (Ahlborg and Hammar, 2014), and in
South Africa. It has also been found an affordable solution for
rural electrification in Sub-Saharan Africa (Baurzhan and
Jenkins, 2016). A review of global rural electrification policies
across the world; found that off-grid renewable energy-based
electrification is the best answer where grid extension is not
feasible. An effective electrification strategy is one where the on-
grid and off-grid electrification plans are complementary and
avoid duplication of resources (Aziz and Chowdhury, 2020).

Currently, 69% of the nation’s energy needs are met by biomass,
which includes firewood and agricultural waste. Hydropower and
small-scale renewable energy sources including PV, biogas, and
micro-hydro that are purchased from India produce 25% of the
remaining energy. Nepal is the nation that is most at risk from the
effects of climate change. The Ministry of Energy and Water Resources
(2023) aims to increase annual household electricity use between
267 and 700 kWh in 5 years and 1,500 kWh in 10 years. According
to Kafle et al. (2023), Nepal experiences approximately 300 days of
sunshine annually, resulting in an average daily amount of six and a half
hours of sunlight and 4.7 kWh/m?/day of insolation. Given the available
resources and local knowledge, Nepal’s existing MGs are not sufficiently
built for the region (Shrestha et al., 2020).

Regarding Nepal specifically, over 55 MW of electricity have
been generated through micro-hydropower and solar energy,
supplying 3.6 million households, or 18% of the population,
with access to electricity. Since the establishment of the
Alternative Energy Promotion Center (AEPC) in 1996, Nepal
has experienced a rapid acceleration in the growth of mini- and
solar PV,

micro-hydropower, and wind generating. The
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establishment of an off-grid SMG system and aggressive grid
extension have both contributed to the electrification of rural
areas of Nepal. In Nepal, 95.5% of families have some form of
access to electricity, including grid or SMG power, solar home
power, solar lights, rechargeable batteries, etc. Only 67% of people
in the nation have access to power, according to the same survey
(ESMAP, 2017). As an illustration, the loading factor and
utilization factor for Baglung SMG in western Nepal have been
determined to be 23% and 26%, respectively (Shrestha et al., 2020).
Even though Nepal has a huge amount of potential for producing
electricity from various renewable energy sources, 4.5% of its
population still lacks access to electricity. This is a result of the
country’s hilly terrain. In terms of a management system for the
long-term success of plants, Nepalese MGs have a significant
failure rate. Rural areas still have trouble accessing dependable
and consistent electricity because of these various concerns
(SE4ALL, 2020).

1.1 Electricity scenarios in Nepal

Modern energy, comprising electricity, petroleum, and
renewable, constitutes approximately 20% of Nepal’s total
energy consumption, a figure steadily on the rise. Among these
modern energy sources, petrol holds the largest share at around
65%, while electricity accounts for approximately 15%, and the
remaining 20% is attributed to other sources like coal. Nepal faces a
rising demand for electricity, particularly in remote areas, where
access is limited. Despite the availability of various renewable
energy sources for lighting and cooking, achieving sustainable
development goal number 7, which emphasizes universal access
to affordable, reliable, and modern energy, remains a challenge. In
alignment with global sustainability efforts, Nepal, during COP26,
committed to achieving net-zero emissions by 2045 and increasing
the share of clean energy to 15% while expanding forest cover to
45% by 2030. As of now, the country’s total installed power plant
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TABLE 1 SMG completed project reported by AEPC.

10.3389/fenrg.2023.1321945

Name of mini grid District Total installed capacity (kW) Year of completion
1 Dhaubadi SWMG Nawalparasi 12 2010
2 Bhorleni SWMG Makawanpur 25 2013
3 Tatopani SWMG Jumla 26 2014
4 Kamalbazaar SWMG Achham 31 2015
5 Harrekanda-Taranga SWMG Surkhet 8 2015
6 Chisapani SWMG Sindhuli 35 2016
7 Parakatne SWMG Bajhang 22 2016
8 Mityal SWMG Palpa 25 2017
9 Narakot SWMG Jumla 80 2017
10 Saptami SWMG Panchthar 70 2018
11 Pamakham SWMG Bhojpur 50 2020*
12 Dubung SMG Tanahu 18 2015
13 Harkapur SMG Okhaldhunga 31 2016
14 Chysmitar SMG Khotang 17 2016
15 Kaduwa SMG Khotang 21 2016
16 Ramitekhola SMG Morang 30 2017
17 Olane SMG Panchthar 25 2017
18 Rithachaupata SMG-1 Darchula 21 2018
19 Rithachaupata SMG-2 Darchula 13 2018
20 Gutu SMG Surkhet 100 2018
21 Sugarkhal SMG Kailali 75 2018
22 Malladehi SMG Baitadi 30 2019
23 Hilepani SMG Okhaldhunga 50 2019
24 Thabang SMG Rolpa 150 2020
25 Susta SMG Nawalparasi 100 2020
26 Dhading SMG Dhading 4 2016
27 Kabilasi DC Solar Mini Grid Sarlahi 6 2018
28 Naya Basti Solar Mini Grid Morang 5 2019
29 Birpur Solar Mini Grid Morang 8 2019
30 Avadhpur Solar Mini Grid Parsa 5 2019
Total kW 1,093

*Represent work is not completed yet.

capacity stands at 2,265 MW, with 74 MW designated for off-
grid use and 2,191 MW connected to the grid. The grid-
connected facilities consist of 49.76 MW solar, 53.4 MW
thermal, 6 MW biomass, and the majority, 2082 MW, from
hydroelectric sources. An additional 74 MW of off-grid
AEPC,
contributes to the overall installed capacity (Nepal Energy
Outlook, 2022). The projected demand for electricity is

isolated generation capacity, developed by the
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expected to surge from an estimated 10,138 gigawatt-hours
(GWh) in 2019-2020 to 31,196 GWh in 2029-2030, as per
the National Planning Commission’s 2018 projections. The
complete SMG in the context of Nepal is shown in Table 1
reported by AEPC and the ongoing SMG under construction is
shown in Table 2 reported by RERL.

PV systems offer an efficient and environmentally beneficial
energy source, among its numerous benefits. According to

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1321945

Karna et al.

TABLE 2 Ongoing SMG project reported by RERL.

S.N. Project detail

10.3389/fenrg.2023.1321945

Project capacity (kW)

1 Construction of 50 kWp Solar Mini-grid System at Psheyphoksundo Rural Municipality, Ward No-4, Dungadhar, Namdopauwa, = 50

Namdosibu and Namdochu, Dolpa District, Karnali Province, Nepal

2 Construction of 55 kWp Solar Mini-grid System at Tajakot Rural Municipality, Ward No-5, Chihitole and Madana, Dolpa District, | 55

Karnali Province, Nepal

3 Construction of 70 kWp Solar Mini-grid System at Tajakot Rural Municipality, Ward No-4, Maila, sirupataHumla District, Karnali | 70

Province, Nepal

4 Construction of 120 kWp Solar Mini-grid System at Mahabu Rural Municipality, Ward No. 3, Jaganath, Dailekh District, Karnali | 120

Province, Nepal

5 Construction of 55 kWp Solar Mini-grid System at Chankheli Rural Municipality, Ward No-4, Lower Pali and Upper Pali, Humla | 55

District, Karnali Province, Nepal

6 Construction of 100 kWp Solar Minigrid System at Tilagufa Municipality, Ward no-4 Rachuli, Kalikot District, Karnali Province, | 100
Nepal

7 Construction of 17 kWp Solar Mini-grid System at Thawang Rural Municipality, Ward no-1, Chittiwang, Rolpa, Lumbini Province, | 17
Nepal

8 Construction of 50 kWp Solar Mini-grid System Guthichaur Rural Municipality Ward No-2, Murli of Jumla District, Karnali 50

Province, Nepal

9 Construction of 50 KWp Solar Mini-grid System Tila Rural Municipality Ward No-6, Tila of Jumla District, Karnali Province, Nepal = 50

10 Construction of 60 kWp Solar Mini-grid System Soru Rural Municipality Ward No-6, Sorukot of Mugu District, Karnali Province, = 60
Nepal

11 Construction of 75 kWp Solar Mini-grid System Raskot Municipality Ward No-9, Phukot of Kalikot District, Karnali Province, = 75
Nepal

12 Construction of 170 kWp Solar Mini-grid System Barekot Rural Municipality Ward No-5, Limsa, Tolkhan of Jajarkot District, | 170

Karnali Province, Nepal

research, Nepal has serious policy problems that have a negative
impact on the growth of PV systems like poor technological
standards, inadequate knowledge, absence of information
transmission, etc. Low power factors, high voltage levels, and
reduced losses are all benefits of the PV system. The nation’s
power utility does not provide electricity to about 22% of the
population of Nepal, forcing them to find other means of
electrification. This is because of the cost, performance, and
reliability of rural electrification, non-technologically or
economically feasible. So, the MG technology is one of the
promising methods. The goal of this work is to evaluate the
performance of the two TSMG and SSMG systems in Nepal,
which have been constantly providing services to the community
in the current environment. The performance metric help
to understand the different problem which is helpful to
other SMG.

1.2 Research gap

The performance and viability of off-SMG systems in the remote
hilly regions of Sugarkhal and Thabang, particularly in Nepal are
one of the biggest concerns of this study because no such research
has been conducted in the context of Nepal for SSGM and TSMG
systems. The research is about global interest in renewable energy
resources, SMGs, and the challenges associated with integrating
renewable energy into existing systems, because of the geographical
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structure of the research area and SMG system. The existing
literature highlights the success of solar energy in various
regions, including South Asia and Sub-Saharan Africa, but there
is a dearth of information regarding the practical application and
outcomes of off-SMGs in the unique context of remote hilly
Sugarkhal and Thabang as well as in Nepal. Sugarkhal and
Thabang difficulties  in
infrastructure development due to challenging terrains, lack of

encounter conventional  power
transport infrastructure, and limited alternative energy sources,
there is a need for a comprehensive study that evaluates the
effectiveness, sustainability, and community impact of off-SMG
systems in these specific locations. The areas have populations of
15,000 and 20,000, respectively according to the census of 2011, and
exploring how SMGs can address their energy needs while
considering factors such as population density, environmental
sustainability, and economic viability would contribute valuable
insights to the existing literature. The analysis of the performance
metrics of TSMG and SSGMG systems is crucial for understanding
their success and identifying potential areas for improvement. By
focusing on these specific remote locations in the hilly region of
Nepal. This research can provide actionable recommendations for
other regions with similar characteristics, contributing to the
broader goal of sustainable and effective off-grid electrification in
remote hilly areas. The research parameters of the two systems are to
comprehensively study PR, capture loss, system loss, irradiance,
energy generation, capture factors, and system efficiency for TSMG
and SSMG.
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1.3 Novelty of the study

The novelty of this work is to explore the off-SMG systems
located in remote hilly regions of Sugarkhal and Thabang. The
research area faces different difficulties like encountering obstacles
in conventional power infrastructure development due to
challenging terrain, lack of transport infrastructure, and limited
alternative energy sources. The establishment of SMGs offers a
decentralized and adaptable energy solution tailored to the
specific needs of these communities. The study of performance
metrics of SSGM and TSGM help to evaluate the performance of the
system and suggest the possibilities of improvement of the system
which help us to preserve energy and make the system more effective
in different aspect like cost, energy efficiency, loss of the system,
performance ratio, capture factors, etc. This study also helped the
improvement of other SMG systems located in different parts of
remote Nepal. In remote regions, where there is a lack of road
infrastructure and a national grid such a system is more beneficial.
Because embracing clean and renewable solar energy aligns with
environmental sustainability goals crucial for preserving the
ecologically sensitive environment near SMG. The long-term
cost-effectiveness of solar systems, coupled with the potential for
job creation and community empowerment, renders this solution
economically viable and socially beneficial. Additionally, the swift
deployment of SMG systems enhances resilience to natural disasters,
while ongoing technological innovations contribute to continuous
improvements in solar technology.

2 Methods and materials
2.1 Research area

This research considered two research sites of SMG Nepal,
Thabang and Sugarkhal, more detail in Figure 2. TSMG has been
operated since 2021 with a 150 kWp installation capacity in the
Thabang Rural Municipality of the Rolpa District of Nepal. The
ground-mounted TSMG PV system is located at latitude 28.4954°
North and longitude 82.7140° East. The tilt angle of the system’s

29°43.3'N'82:42:50!5:€

28

FIGURE 2
Google Earth image of (A) TSMG and (B) SSMG.
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PV panels is 33°. SSMG has been operated since 2021 with a
75 kWp installation capacity in the Mohanyal Rural Municipality,
Kailali District by AEPC. The ground-mounted SSMG PV system
is located at latitude 28.7822°N and longitude 81.2358°E. The tilt
angle of the PV panels is 29".

2.2 Specification of the system module

The specifications of SSMG and TSMG systems with different
specifications of major components are listed in Table 3. This helps
to design and configuration of the system and also provide detail of
the established system.

2.3 Sketch of PV module of SSGM and TSMG

The framework of SSGM and TSMG is shown in Figure 3 and a
description of the major components is shown in Table 3.

2.4 Sun path

Along with an increasing need for electrification and worries
about climate change, the use of renewable energy has started to rise.
The best solar energy conversion takes place during insolation at an
average maximum irradiation time, or PSH. PSH is a parameter that
expresses the relationship between the maximum daily sun radiation
exposure and the standard solar radiation intensity of 1kW/m*
(Megantoro et al., 2022). The University of Oregon’s Solar Radiation
Monitoring Laboratory’s web resources were used to obtain the PSH
of Thabang and Sugarkhal and found PSH for SSMG is 5.73 and
TSMG is 5.49.

2.5 Tilt angle

The tilt angle refers to the inclination of photovoltaic
modules from the horizontal plane in a fixed (non-tracking)

-

284615581 N[B1:14109/0;E
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TABLE 3 Detail configuration and specification of SMG.

10.3389/fenrg.2023.1321945

Configuration detail SSMG TSMG Unit
Solar Arry Size Sun hour available at the site 4.5 4.5 h
Select solar PV Module Size and rated power 430.00 315 Wp
Derating factor 95% 95% %
Coloumbic efficiency 95% 9% %
Total required array output current per day 1018.45 33433.6 A
Rated current of the proposed solar module 10.60 8.48 A
Number of solar modules Required 192 504 No.
Battery Sizing Select Battery Voltage 48 48 Volt
Total amp-hours required per day 4583 21639.01 Ah/day
Selected desired autonomy day 1.5 2 day
AH Capacity of Selected Battery 2,000 1,500 Ah Ah
Depth of Discharge (DOD) of the battery 75% 80% %
Efficiency of Battery Bank 90% 90% %
Required capacity of Battery Bank 10184.44 295,553 Ah
Total number of batteries required 120 264 No.
Voltage of Selected Solar PV Module (Volt) 48 24 Volt
Inverter Efficiency of Inverter 95 95 %
DC voltage of inverter (Volt) 48 48
DC/AC Inverter, 25 kW 3 7 No.
Distribution System 1 phase (1.5 km) 3 Phse (1.16 km) and 1 Phase (1.73 km) km

FIGURE 3
Configuration of SSMG and TSGM.

mounting system. It is commonly advised to install photovoltaic
systems with a tilt angle matching the latitude of the site (Mondol
et al., 2007). Figure 4, presents the concept and measurement of
the tilt angle (Bozikova et al., 2021).

The azimuth angle signifies the orientation of PV modules in
relation to the South, where —90° represents East, 0° is South, and
+90° indicates West (Bozikova et al., 2021). In Figure 4, the solar

Frontiers in Energy Research 06

FIGURE 4
Simple Sketch of tilt angle, solar azimuth angle, and the azimuth
orientation.

altitude angle (a5 ) is the angle between the horizontal plane and the
line pointing to the Sun (0°< a, < 90°). The zenith angle (a), which
complements this angle, is defined by the vertical plane and the line
to the Sun, representing the angle of incidence of beam radiation on
a horizontal surface. The parameters f is the tilt angle, and y is the
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azimuth angle, jointly determining the azimuthal orientation of the
solar module.

2.6 Data collection

The global horizontal irradiance at all sky conditions is taken using
PVsyst software 7.4 because the global horizontal irradiance is not
uniformly available for the research site. The total energy generation
of the TSMG and SSGM PV system is collected from RERL, Nepal on 3rd
March 2023.

2.7 PV module technologies

There are four systems that makeup PV cell technologies; they
are mono-crystalline (m-Si), poly-crystalline (p-Si), thin film, and
hybrid systems. Table 4 below lists the specifications of the
polycrystalline employed for our station under consideration.

2.8 PV module connections

To extract solar energy, there are four systems that make up PV
cell technologies mono-crystalline (m-Si), poly-crystalline (p-Si),
thin film, and hybrid systems. However, for this research, authors
considered poly-crystalline because it is a dominant module in the
context of Nepal. In addition, due to their great precision and
The
connections between the PV cells create a module or an array in

performance under consistent solar insolation. cell

TABLE 4 Technical specification (Sunceco, 2023).

Parameter Poly-crystalline

Solar cell type Poly-crystalline 156 mm x 156 mm

Weight 23.20 kg

Dimensions 1,956 mm x 992 mm x 50 mm
Maximum Power (P,.y) 315 Wp

Voltage at Prax (Vinp) 3746 V

Current at Prayx (Imp) 841 A

Open-Circuit Voltage (V) 4482V

Short-Circuit Current (Iy.) 9371 A

Maximum System Voltage (Vpc) 1,000 V (IEC), 600 V (UL)

Cell Efficiency 18.34%
Module Efficiency 16.23%
Number of By-pass Diodes 6
Temperature Coefficient of P, -0.45%/°C
Temperature Coefficient of V. -0.34%/°C
Temperature Coefficient of I —-0.05%/°C
Nominal Operating Cell Temperature 47°C £ 2°C
Operating Temperature —-40°C-85°C
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order to maximize the current and voltage flowing. Cells coupled in
series or parallel produce higher output voltage and cell current,
respectively. There are 504-476 PV modules (Sunceco) in the TSMG
plant with series and parallel arrangement with the tilt angle of 33°.
Also, there are 192-238 PV modules in the SSMG plant with series
and parallel with the tilt angle of 29° of 315 Wp(poly-crystalline)
with an efficiency of 16.23%.

2.9 PV system

The performance of a grid-connected PV system is calculated
based on a number of factors, including the PV system’s energy
production, PV yields (Y, for array yield, Y  for final yield, and Y,
for reference yield), performance ratio (PR), capacity factor (Cg),
energy efficiency, and system losses. The PV indicators of
performance can provide information on a PV system’s efficiency
in terms of how much energy it generates over time and how much
solar radiation it absorbs. The total amount of direct current (DC)
electricity delivered is multiplied by the nominal power of the PV
system to determine the array yield (Y,), which is expressed in kWh/

kWp (Al-Najjar et al.,, 2022).
Z P, /va,rated
day

where P, rated, is the nominal output of the PV system (kWp) and
Epc is the hourly total DC energy supplied by the PV system (kWh).
The PV array’s actual power output during the t, monitoring

Epc
— =T, X

Y, = (1)

p pv.rated

interval is represented by } 4.,Pa. The total electricity delivered
by the PV system over the course of a given period divided by the
nominal generating capacity of the installed PV system is known as
the final yield of the PV plant (Yy), which is expressed in kKWh/kWp.
It specifies the number of hours the PV system must operate at
nominal power P .ceq €ach day in order to match its monitoring
contribution to the net daily load (Al-Najjar et al., 2022).

(Zday PA)

X S

P pv.rated

Esc
Yi=—0—= (2)

Pporated = Ya X Mpvaysiam

The PV system’s efficiency is npysys. The reference yield (Y,),
which is expressed in kWh/kWp, is derived by comparing the
measured reference irradiation (Gy,) of the PV system to the
global solar irradiation of the desired location. One kW/m? is the
value of Gy ;.r under standard test conditions (STC). The PSH occurs
every year. The reference yield is the total quantity of theoretical
energy present at a specific location for a specific amount of time. It
represents the exact energy that was observed.

« (Zduy G’)

Y, =1,
GI,re f

3)

The PR is the proportion of actual output as compared to
anticipated output for a particular reporting period. It serves as a
gauge for the overall impact on the rated output of the PV system. It
shows the overall impact of output losses on the plant’s rated array
caused by environmental factors like temperature and irradiation
along with system element inefficiencies like the inverter, cabling,
connections, or failure, etc. (Kavuma et al., 2022).
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Y
Performance Ratio (PR) = Y—f 4)

The PV array losses (LC) create the array’s capture losses (L), whereas
the PV losses (L) are brought on by the inverter’s DC-AC conversion.

Le=Y,-Y, (5)
Ly=Y,-Yy (6)

The efficiency of the PV system, which consists of PV arrays and
inverters, can be calculated as the ratio of the AC energy produced to the
average daily radiation quantities Hy 4. Using the actual irradiation in
the array’s plane, these are determined (Kavuma et al,, 2022).

E
= 4 % 100% (7)

qpv,system HI 4

The PV plant’s efficiency is represented by its capacity factor (CF). It
is the ratio of actual power produced to theoretical power; for instance,
the capacity factor for a year is equal to real (average) power produced
(kWh/year) divided by nominal power produced (kW) x 8,760 h/year. It
is advised to use the AC voltage values while computing CF (Odeh, 2018).

CF - P,y _ netannualenergy (kWhAC/yr)
B Py rated " system capacity (kWp)x 8760hr/yr

8)

Since the performance of a PV system in a laboratory environment
differs from the performance of a PV system in actual open-air
conditions, performance evaluation of PV systems in actual outside
situations is crucial.

2.10 Solar irradiance in Nepal

The average daily irradiation for the horizontal surface in Nepal
varies from about 4.5 kWh/m? in December to around 7.2 kWh/m?

30°N

28°N

Long term average of GHI, period 1999-2018
Daily totals: 32 36 4.0 44

Yearly totals: 1168 1314 1461 1607 1753

FIGURE 5
Solar irradiance above Nepal (Global Solar Atlas, 2023).
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in May and more detail in Figure 5, in accordance with NASA’s
Surface Meteorology and sun Energy dataset. In the month of May
average irradiance per month is highest while in month of December
it is lowest.

2.11 Performance ratio, capture loss and
system loss of SSGM and TSMG

The solar irradiance values mentioned in Table 5 show the
amount of solar energy available at SSGM station for different
months of 2021 and 2022. The monthly solar irradiance data was
collected using PVsyst software 7.4 because ground-based data of
solar irradiance is not available in considered location. The solar
irradiance recorded at SSGM station is high during April 2021 and
2022 is 6.708 kWh/day and 6.098 kWh/day, respectively. In contrast,
the minimum solar irradiance is also recorded during the months of
December 2021 and January 2022 is 2.94 kWh/day and 2.646 kWh/
day, respectively. The solar irradiance has a significant impact on the
performance of a solar PV system. Higher solar irradiance values
result in more electricity generation, whereas lower values result in less
generation. Therefore, it is essential to consider the regional solar
irradiance when designing and implementing solar mini grid PV
systems. For instance, in regions with higher solar irradiance values,
solar PV systems can be designed to produce more electricity and
meet the higher demand during peak months, while in regions with
lower solar irradiance values, solar PV systems may need to be
supplemented with additional storage capacity or other energy
sources to meet the demand during low solar irradiance months. It
is also observed that the capture loss is higher in the months of April
2021 and 2022 is 3.322 kWh/day and 2.986 kWh/day, respectively.
This higher capture loss may be due to a combination of factors, such
as higher temperatures, shading from nearby buildings or vegetation,
or soiling on the surface of the PV panels. The higher temperatures
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TABLE 5 Performance ratio, capture loss and system loss of SSGM.

10.3389/fenrg.2023.1321945

Irradiance PR ILs PR

(kWh/day) (kWh/day) (kWh/day) (kWh/day) (kWh/day)
January 3.158 0.822 0543 | 0.569 2.646 0.082 0591 0.756
February 4.425 2.129 0529 0412 3.945 1.369 0.594 0.530
March 5718 3278 0563 | 0.332 5.812 2.986 0.652 0375
April 6.708 3322 0781  0.391 6.098 2.822 0.986 0463
May 5.230 1.444 0.873 | 0.586 6.27 1.911 1.005 0.547
June 4.573 0.845 0.853 | 0.642 6.418 2325 0.944 0.488
July 4377 0.239 0955  0.723 4.859 1.235 0.836 0.648
August 3.889 0.449 0793 | 0.686 4.888 0.798 0.943 0.655
September 4.481 0.725 0.866 = 0.654 4229 1.205 0.697 0.647
October 4.227 1.255 0.685  0.546 4.186 1.959 0533 0.402
November 3751 1.327 0.559 | 0.509 4293 1.704 0.597 0.465
December 2.94 0.464 0571 | 0.651 3.758 0.935 0.651 0.584

TABLE 6 Performance ratio, capture loss and system loss of TSMG.

Irradiance Ls Ls

(kWh/day) (kWh/day) (kWh/day) (kWh/day) (kWh/day)
January 3.989 2688 0300 | 0.254 3209 0.470 0.631 0.682
February 4.641 3421 0332 0.231 4.185 0.598 0.583 0.665
March 5.789 4191 0368 0216 5.970 3.228 0.617 0350
April 6.681 5011 0.385 | 0.200 6.041 4261 0.619 0.297
May 4.857 3.065 0413 0322 5.490 NA NA NA
June 4200 1.757 0563  0.528 5.608 2.956 0582 0372
July 4.165 1.836 0.537 = 0.449 4,093 2734 0.583 0.402
August 3566 1.573 0459 | 0.461 4542 2424 0548 0399
September 4.164 2.035 0491 0416 3.988 1.367 0.547 0.490
October 4357 2478 0433 | 0.364 4.075 2.045 0452 0534
November 4.158 2.785 0453 0318 4.483 1.592 0.668 0.499
December NA NA NA NA 4.102 0.569 0.813 0.662

TABLE 7 Performance ratio, capture loss and system loss of TSMG and SSMG.

Thabang 2023

Sugarkhal 2023

Irradiance Lc Ls PR Lc Ls
(kWh/day) (kWh/day) (kWh/day) (kWh/day) (kWh/day)
January 3.958 0.995 0.683  0.590 3.453 0.936 0.595 0.565
February 5282 1.422 0.890 = 0.565 4.950 2.280 0.616 0.420
March 5.257 2.166 0.713 = 0.456 5.668 2951 0.627 0.373
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can cause the PV panels to operate less efficiently, leading to a higher
capture loss. On the other hand, the minimum capture loss is observed
in the months of July 2021 and January 2022 is 0.239 kWh/day and
0.082 kWh/day, respectively. These lower capture loss values may be
due to favorable weather conditions, such as clear skies and low
humidity, which result in better performance and efficiency of the PV
panels.

System loss in a PV system is due wiring, inverter inefficiencies, and
other losses in the system. It is observed that the system loss is higher in
the months of July 2021 and August 2022 with 0.955 kWh/day and
0.943 kWh/day, respectively. This higher system loss could be due to
several factors such as aging of the system, inefficiencies in the inverter
or wiring, or faulty components in the system. On the other hand, the
minimum system loss is observed in the months of February 2021 and
January 2022 with 0.529 kWh/day and 0.591 kWh/day, respectively.
The performance ratio is observed higher in the months of July
2021 and January 2022 with 0.723 and 0.756, respectively. This
higher PR could be due to favorable weather conditions, good
maintenance, and efficient operation of the system. On the other
hand, the minimum PR is observed in the months of March
2021 and March 2022, with values of 0.332 and 0.375, respectively.
This lower PR could be due to unfavorable weather conditions, reduced
system efficiency, and maintenance issues. A higher PR indicates that
the system is performing efficiently and producing more energy, while a
lower PR indicates that the system is not operating efficiently and may
require maintenance or upgrades. Therefore, regular monitoring,
maintenance, and upgrading of the system can help to improve the
PR and optimize the performance of the PV system. In Nepal for
consider SMG station, the higher PR observed in July 2021 and January
2022 can be attributed to the favorable weather conditions during these
months. Nepal experiences a warm and dry climate during the summer
months, which can enhance the performance of PV systems. However,
during the winter months, the weather conditions can be challenging,
with low temperatures and reduced sunlight, which can affect the
performance of the PV systems. Therefore, proper system design and
maintenance are crucial to ensuring the optimal performance of PV
systems in Nepal.

The solar irradiance at TSGM station shows high values in April
months of 2021 and 2022, with a minimum value in January of both

10.3389/fenrg.2023.1321945

years, more detail in Table 6. The capture loss is highest in April of
both years, while the minimum is in August of 2021 and January of
2022. The system loss is highest in June of 2021 and December of
2022, while the minimum is in February of 2021 and October of 2022.
The performance ratio is highest in June of 2021 and January of 2022,
while the minimum is in April of 2021 and 2022. Also Table 7 shows
the performance ratio, capture and system loss of TSGM and SSMG of
2023. These results suggest that the solar mini grid PV system in
TSGM station has high solar irradiance values during the summer
months, but experiences higher capture and system losses during the
same time period. The performance ratio is also affected, indicating a
need for optimization of the system to improve efficiency.

3 Results and discussion

3.1 Average solar irradiance and energy
generation of Thabang solar mini grid

Figure 6, represent the daily solar irradiance with temperature and
the energy generated by TSMG station and solar average irradiance
variation with months, with standard error bar. The generation of
energy per day is 419.5 kWh/day to 445.5 kWh/day when irradiance
5 kWh/m*/day to 5.2 kWh/m?/day with narrow temperature 7°C-10°C.
The generation of energy in 2021 by TSMG is 83.206 MWh/year and
112.140 MWh/year in 2022. According to RERL report 2021/2022 the
sunshine day is 311 days. Therefore, the energy generated per day is
0.268 MWh/day in 2021 and 0.361 MWh/day in 2022 with PHS 5.49.
This suggests that the energy generation from solar PV modules is
directly proportional to the irradiance level, as a higher irradiance level
results in a higher energy generation. Additionally, the energy
generation with  higher
temperatures resulting in lower energy generation. This is because

is also influenced by temperature,
solar cells have a maximum efficiency at a specific temperature and
irradiance level, and changing as these factors change, the efficiency of
the cells. This results in a change in the amount of electrical energy that
can be generated by the cells. Additionally, changes in temperature can
affect the electrical resistance of the cells and the electrical output of the
system, further influencing the energy generation.
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Energy generation at TSMG in 2021.
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Figure 7, represent the energy generated by TSMG is high in
between irradiance 3.75 to 4.27 kWh/m’/day and at temperature 7°C
to 10°C. Also, the variation of irradiance with month, the irradiance of
solar is found higher in April. Even during months with high irradiance,
shading from trees or buildings or the accumulation of dust on the solar
panels can reduce the energy generation of a solar mini-grid. For
example, the capacity of the system’s components, such as the solar
panels, inverter, and battery, may not be sufficient to handle the high
irradiance levels during certain months. Additionally, if the solar panels
are not positioned and angled optimally, they may not be able to capture
the maximum amount of sunlight, reducing energy generation. Regular
maintenance of the solar mini-grid system is essential for optimal energy
generation. If the system is not maintained correctly, it can reduce the
efficiency of the components and reduce the energy generation. The
energy demand from the users connected to the solar mini-grid may vary
throughout the year. During months with high irradiance, if the energy
demand is low, the energy generation of the system may not reach its
maximum capacity.

Figure 8, represent the energy generated by solar min grid is
higher when irradiance is 4 kWh/m*/day to 4.5 kWh/m?*/day at

Frontiers in Energy Research

11

temperature 18.75°C-20°C. Also, the variation average irradiance
with the months of 2021, the variation shows the irradiance is high
in April month. The energy generation recorded up to 282.0 kWh/
day maximum which is less than 2022 and 2023. This may be due to
factors such as dust

environmental shading, temperature,

accumulation, cloud and other weather parameters.

3.2 Average solar irradiance and energy
generation of Sugarkhal solar mini grid

Figure 9, represent the energy generated by solar min grid is
higher when irradiance is 4.5kWh/m?*/day to 5kWh/m?*/day at
temperature 22.0°C-24°C. Also, the variation average irradiance
with the months of 2021, the variation shows the irradiance is
high in April month. In 2021 SSMG generated maximum energy up
to 239.0 kW/h/day and maximum irradiance 6.7 kWh/m?*/day in
April month. The high energy generated by SSMG is lower than
2022 with very narrow region of irradiance. The energy generated by
SSMG in 2021 is 64.14 MWh/year and 68.79 MWh/year in 2022.
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Energy Generation (kWhr/day) 8

28_ 251'5 7 T T T T T T T T T T T T
2367 > | ]
5. a1k ]
S 219 & =
€221 Es
o 2071 E°7 i I
18l 1923 241
2 ®
F14] 162.6 %2-
1478 =]
133.0

3.035404550556.06570 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Irradiance (KWhr/m?/day)

Months
FIGURE 10
Energy generation in 2022 Sugarkhal.
Energy Generation (kWhr/day) 64 ' ' ' |
1568 :
>
16 1552 85 3 ;
515 153.6 § 4l ]
Py 1520 = I
4 ™
gM 1504 T3 .
a 2
213 1488 5ol ]
(] o
o] 1472 |
1456
By’ : . . , 1441 0 , : :
35 40 45 50 55 Jan Feb Mar
Irradiance (KWhr/m?/day) Months

FIGURE 11
Energy generation in 2023 Sugarkhal.
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According to RERL report 2021/2022 the sunshine day is 311 days
therefore the energy generated per day is 0.206 MWh/day in
2021 and 0.221 MWh/day in 2022 with PHS 5.73.

Figure 10, represent the energy generated by solar min grid is
higher when irradiance is 4.5 kWh/m*/day to 7 kWh/m?/day at
temperature 21.5°C-28°C. Also, the variation average irradiance
with the months of 2022, the variation shows the irradiance is
high in April month. In addition, the irradiance is highly observed
than 2021, in general. This causes the variation of wider range of
energy generation of SSMG in 2022. In 2022 SSMG generated
maximum energy up to 251.5 kW/h/day and maximum irradiance
6.9 kWh/m*/day in April month. The energy generated by SSMG in
2022 is higher than 2021 with wider region of irradiance.

Figure 11, represent the energy generated by solar min grid is
higher when irradiance is 4.75 kWh/m*/day to 5.5 kWh/m?/day at
temperature 13.5°C-17.4°C. Also, the variation average irradiance
with the months of 2023 (till the date), the variation shows the
irradiance is high in March month. The variation of irradiance
causes the variation of wider range of energy generation of SSMG. In
2022 SSMG generated maximum energy up to 156.8 kW/h/day and
maximum irradiance 5.5 kWh/m?/day in April month.

3.3 Performance ratio of Sugarkhal solar
mini grid

Tiwari et al. reported performance ratio have been found to vary
from 0.34 to 70 (Tiwari et al., 2017). Wassie and Ahlgren (2023) reported
the performance ratio 0.47. Compared to this, the performance ratio of
SSGM system falls within the low range. The impact of temperature,
humidity, shadow, inclination angle of sun and dust are the most visible
factors in December, where the SSMG experienced a PR drop of nearly
9% despite the high level of solar irradiation in the month. However, it is
also important to note that a low PR value for an off-grid PV plant does
not necessarily mean that the system is experiencing technical
difficulties. Instead, it can be caused by a poor match between the
SSMG system’s installed capacity and electricity demand.
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The PR of SSMG observed monthly shows PR ranges from 0.33
(33%) to 0.75 (75%). The PR is maximum recorded in January
2022 till date of research and lower in March 2023. Figure 12
visualized the performance ratio SSMG 2021-2023. A low PR
value indicates that the system is not performing at its maximum
potential and hence may not be meeting the energy demands of the
users. System design plays a critical role in the performance of a SMG
system. Sizing the system components appropriately is essential to
ensure that enough energy is generated and stored to meet the
demand. If the system is undersized, it may not be able to
generate enough energy, resulting in a lower PR. Additionally, the
choice of system components, such as solar panels, batteries, and
inverters, can also affect performance. Choosing high-quality
components can help to ensure that the system operates efficiently
and maintains a high PR. Installation of a SMG system is also critical
to its performance. Correct installation, including proper wiring,
grounding, and orientation and tilt angles of solar panels, can help
to maximize efficiency and energy output. Additionally, the proper
placement of components, such as charge controllers and inverters,
can also affect performance. Maintenance is essential to maintaining
the performance of a solar mini-grid system. Regular cleaning of solar
panels, inspection and replacement of damaged components, and
proper charging and discharging of batteries are all critical to ensuring
that the system operates efficiently and maintains a high PR.
Environmental factors, such as temperature, humidity, and
shading, can also affect the performance of a solar mini-grid
system. High temperatures can reduce the efficiency of solar
panels, while shading from trees, buildings, or other obstructions
can reduce the amount of sunlight reaching the panels, resulting in a
lower PR. Finally, technical issues, such as faults in inverters, charge
controllers, or other system components, can also cause a decrease in
system performance. Regular monitoring and analysis of system

performance can help to identify and address these
issues, ensuring that the system operates efficiently and maintains
a high PR.

Higher temperatures can reduce the efficiency of the solar panels,
leading to a lower PR. Additionally, during the spring and summer
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months, there may be more cloud cover and occasional rain showers,
which can further reduce the amount of sunlight reaching the solar
panels and reduce energy output. It is worth noting that the exact pattern
of monthly PR variation can depend on a variety of factors, including the
location of the SMG system, local weather patterns, and the design and
configuration of the system itself. Therefore, it is important to monitor
the performance of the system regularly and make adjustments as
necessary to ensure optimal energy output and PR over time.

3.4 Performance of Thabang solar mini grid

The PR of TSMG is shown in Figure 13 and shows that is ranges
from 0.20 (20%) to 0.69 (69%), 2021-2023. The PR is maximum
recorded in January 2022 till date of research and lower in March
2023. Figure 13 visualized the PR SSMG since established.

The results of the efficiency analyses showed that this PV power
plant performs poorly with an average PR of 47.92%. A PV power
system is typically considered to have high performance when its PR
vale is above 70% (Kumar and Sudhakar, 2015). However, it is also
important to note that a low PR value for an off-grid PV plant does
not necessarily mean that the system is experiencing technical
difficulties. Instead, it can be caused by a poor match between
the MG system’s installed capacity and electricity demand.

3.5 Capture loss

Capture loss in SMG systems refers to the amount of energy that is
not captured or harnessed by the system due to various factors such as
inefficiencies in the components, shading, weather conditions, and so
on. The capture loss is measured in kWh/day (kilowatt-hours per
day). Based on the given information, the capture loss of two types of
solar mini grid systems (SSGM and TSGM) has been recorded for the
years 2021, 2022, and 2023. For SSGM, the capture loss in 2021 ranged
from 0.239 kWh/day to 3.322 kWh/day, in 2022 it ranged from
0.082 kWh/day to 2.086 kWh/day, and in 2023 it ranged from
0.935 kWh/day to 2.951 kWh/day. For TSGM, the capture loss in
2021 ranged from 1.573 kWh/day to 5.011 kWh/day, in 2022 it
ranged from 0.470 kWh/day to 4.261 kWh/day, and in 2023 it
ranged from 0.995 kWh/day to 2.166 kWh/day. It is important to
note that capture loss is a normal occurrence in SMG systems, and the
goal is to minimize it as much as possible. By regularly monitoring and
optimizing the system’s components and operation, it is possible to
reduce capture loss and improve overall system efficiency.

3.6 System loss

System loss in a SMG refers to the amount of energy that is lost
within the system due to various factors such as resistance in wires
and cables, inefficiencies in components like inverters and batteries,
and other electrical losses. The system loss is measured in kWh/day.
Based on the given information, the system loss of two types of solar
mini grid systems (SSGM and TSGM) has been recorded for the
years 2021, 2022, and 2023. For SSGM, the system loss in
2021 ranged from 0.543 kWh/day to 0.955 kWh/day, in 2022 it
ranged from 0.533 kWh/day to 1.005kWh/day, and in 2023 it
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ranged from 0.595 kWh/day to 0.627 kWh/day. For TSGM, the
system loss in 2021 ranged from 0.300 kWh/day to 0.563 kWh/
day, in 2022 it ranged from 0.453 kWh/day to 0.813 kWh/day, and
in 2023 it ranged from 0.683 kWh/day to 0.890 kWh/day. It is
important to minimize system loss as it reduces the amount of
energy that can be used by the consumers. By regularly maintaining
and monitoring the SMG systems, it is possible to reduce system loss
and improve the overall efficiency of the system. As noted by
Hartvigsson et al. (2021) the viability and operational behavior of
distributed MGs heavily depends on the interactions and feedback
between endogenous factors (e.g., between electricity demand and
supply) rather than exogenous factors. As such, the low PR value of
PV system might be due more to the limited battery capacity
limiting the amount of solar energy the system can capture and
deliver. The disparity in module efficiency is related to the large PV
array capture losses (L. = 2.75kWh/kWp/day). System and
distribution losses (Ly = 0.40 kWh/kWp/day) accounted for the
remaining 13% (Wassie and Ahlgren, 2023).

3.7 Capture factor

The CF of a SMG system refers to the ratio of the total energy
produced by the solar panels to the amount of energy that is actually
captured or harnessed by the system. It is expressed as a percentage and
represents the efficiency of the system in capturing solar energy. Based
on the given information, the capture factor of two types of solar mini
grid systems (SSMG and TSGM) has been recorded for the years 2021,
2022, and 2023. For TSGM, the capture factor in 2021 was 6.33%, and
in 2023 it was 8.53%. For SSGM, the capture factor was 9.76% in
2021 and 10.47% in 2022. A high capture factor indicates that the
SMG system is efficiently capturing and utilizing the available solar
energy. Factors such as proper maintenance, monitoring, and
optimization of system components can help improve the
capture factor of the SMG system. It is important to note that
the capture factor can vary depending on various factors such as
weather conditions, shading, and the efficiency of the components
used in the system. Regular monitoring and optimization of the
SMG system can help ensure that the capture factor remains high
and the system operates at optimal efficiency.

3.8 Efficiency of system

The solar PV efficiency is typically measured by the amount of
energy produced by the system relative to the amount of sunlight it
receives. In this case, we have two different solar PV systems, one
with a global irradiance of TSMG and the other with a global
irradiance of SSMG (data sources: Global Solar Atlas, 2023). The
solar PV system with TSMG had an efficiency of 10.40% in 2021 and
14.05% in 2022, while the system with SSMG had an efficiency of
15.02% in 2021 and 16.11% in 2022. Comparing these results with
other solar PV systems requires additional information about the
irradiance and energy generated by those systems. However, based
on the provided information, we can see that the solar PV system
with SSMG has a higher efficiency than the system with TSMG. This
is likely due to the higher global irradiance of SSMG, which allows
the system to produce more energy relative to the amount of
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sunlight it receives. It is important to note that solar PV efficiency
can vary widely depending on factors such as weather conditions,
system design, and maintenance. Therefore, it is crucial to perform
regular monitoring and maintenance to ensure optimal system
performance.

3.9 Possibilities for improve the
performance of grid system

The current trend is to integrate renewable energy sources like solar
and wind into the grid for efficiency and demand improvement.
However, this integration, along with power electronic devices and
non-linear loads, poses power quality issues. To address this,
researchers are developing new controllers and techniques, such as
the Unified Power Quality Conditioner (UPQC) associated with solar
power and battery storage, optimized through Boost and Buck Boost
converters (Srilakshmi et al., 2022a). Additionally, for superior UPQC
performance in unbalanced/distorted voltage conditions, a fuzzy logic
controller and synchronization methods like self-tuning filter and unit
vector generation are proposed (Srilakshmi et al.,, 2022b). Furthermore,
the integration of renewable sources into local distribution systems and
the non-linear behavior of advanced power electronics impact power
quality. Approaches like the firefly algorithm-trained ANN controller for
the shunt active filter and proportional-integral controller for the series
active filter of UPQC, integrated with solar energy systems and battery
storage via boost and buck boost converters, show excellent performance
in reducing voltage fluctuations and total harmonic distortion, thereby
improving power factor (Ramadevi et al., 2023). These approaches
highlight the importance of advanced control methods for enhancing
the performance of solar grid systems.

4 Conclusion

In conclusion, the analysis of energy generation data from
the TSMG and SSMG solar mini-grid plants reveals distinct
performance characteristics. TSMG exhibits optimal energy
generation in the irradiance range of 4 kWh/m?/day-4.5 kWh/
m?/day at temperatures between 18.75°C and 20°C, while SSMG
performs better with irradiance levels between 4.75 kWh/m?*/day
and 5.5 kWh/m?/day and temperatures ranging from 13.5°C to
17.4°C. The performance ratios for both plants fall within a range
of 20%-75%. Capture losses for SSMG and TSMG vary, with
SSMG experiencing losses between 0.082 and 3.322 kWh/day
and TSMG ranging from 0.470 to 5.011 kWh/day. Notably,
SSMG demonstrates higher efficiency and capture factor
compared to TSMG.
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