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Access to electricity is a key indicator of a country’s development. In developing nations like Ethiopia,
this metric is particularly crucial for assessing progress. Currently, about 45.8% of Ethiopia’s population
lacks access to electricity, with rural areas experiencing even higher rates, reaching 57.2%. The
Southern Nations, Nationalities, and People’s (SNNP) region faces the greatest challenge, with

62.1% of its population lacking electricity. Ethiopia aims to achieve universal electricity access by
2030, and microgrid (MG) development is expected to play a pivotal role in meeting this goal. This
study employs a multi-tier framework (MTF) to categorize village households based on electricity
access, considering factors like income level and willingness to pay, to support the MG development
process. Three villages—Toba, Koza, and Womba—in the SNNP region were selected for optimal MG
sizing. Sensitivity variables such as global horizontal irradiance (GHI) variation, photovoltaic (PV) and
battery prices, battery usage limits, and capacity shortage levels were analyzed for their impact on

net present cost (NPC), initial capital cost, and cost of energy (COE) using HOMER Pro software. For
example, in the Toba MG, increasing the capacity shortage from 0 to 10% reduced the COE from 0.1195
$/kWh to 0.09104 $/kWh, a 23.82% decrease. Additionally, fluctuations in PV and battery prices had

a direct impact on the system’s NPC. The study also explored the impact of clustering the microgrids
by interconnecting the three individual systems and conducting a techno-economic analysis. The
comparison between standalone MG operation and clustered microgrids revealed that, despite the
added cost of interconnection, the benefits in terms of technological, economic, and reliable operation
of the clustered system were comparable to standalone microgrids. Finally, a feasibility study was
conducted for the potential grid extension of the Toba MG, which is located 130 km from the nearest
substation in Sawla.

Keywords Multi-tier framework, Microgrid cluster, Capacity shortage, Net present cost (NPC), Cost of
energy (COE), Grid extension

Access to electricity plays a crucial role in determining a country’s level of development. In 2021, it was reported
that approximately 45.8% of Ethiopia’s population lacked access to electricity, with this figure rising to around
57.2% in rural areas'. Various initiatives are underway to improve this situation. The Ethiopian National
Electrification Program (NEP 2.0) has been updated with a target of achieving 100% electrification by 2025.
As part of this effort, MG development is expected to provide electricity to about 35% of the population, which
equates to approximately six million customers® Table 1 shows the population size and percentage of energy
access across different regions of Ethiopia. Notably, despite having a large population, 62.1% of the Southern
Nations, Nationalities, and People’s (SNNP) region (before its division into four regions) remains without
electricity, the highest rate in the country. Therefore, in this study, three villages—Toba, Koza, and Womba—
were selected from this region to analyze the optimal development of microgrids and microgrid clusters.

Literature review

The growing demand for electricity, concerns over environmental emissions, the high risk of fossil fuel depletion,
and the challenges of grid expansion to supply remote villages due to economic and technical constraints make
renewable energy source (RES)-based microgrids (MGs) the most effective solution for electrifying both rural
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Region Population | Grid Access (%) | Off-grid Access (%) | No Access (%)
Tigray 5,056,000 | 50.9 36.9 12.3
Ambhara 20,401,000 | 28.6 225 48.7
Oromia 33,692,000 |26.7 36.3 36.7
SNNP 18,276,000 | 30.1 7.8 62.1
Addis Ababa | 3,373,000 |99.9 0 0.1

Table 1. Energy access percentage at various regions of Ethiopia.

and urban areas. In addition to providing lighting, access to electricity plays a crucial role in the sustainable
development of the country as a whole.

Microgrid

A microgrid (MG) is a small, active distribution system that incorporates RES®. MGs consist of components
such as wind generation (WG), photovoltaic (PV) power, flexible loads, and an energy storage system (ESS)
that serves as a buffer between electric demand and distributed generation. It is described as an aggregation of
distributed energy sources, energy storage systems, and loads*. MGs also have the potential to provide electricity
to areas affected by natural disruptive events, thereby enhancing the reliability and resilience of the system>.

MGs can operate in either standalone or grid-connected modes. In the event of a fault or other condition
that interrupts power from the main grid, the MG disconnects and begins autonomous operation, supplying
local loads. Once the fault is cleared, the isolated MG reconnects and resumes grid-connected operation. During
autonomous operation, critical loads are prioritized, while other loads are supplied based on the availability of
resources’. Critical loads refer to those that must remain uninterrupted under any circumstance.

Severe weather conditions can impact the power system, causing frequency deviations from the standard.
While the extent of the impact varies depending on several factors, it is often difficult for the system to recover
from such natural disasters. MGs have emerged as a promising source of resilience in such situations®.

Although increasing the penetration of RES into existing systems offers many benefits, it also introduces
stability challenges. The intermittent nature of renewable resources (e.g., variations in solar radiation and wind
speed) can lead to an imbalance between supply and demand, causing reliability issues, voltage fluctuations,
and stability problems in the grid. Additionally, these fluctuations may result in power losses”. However,
properly planned and developed MGs tend to have a more positive impact. According to a study in®, MGs can
enhance system stability and reduce the levelized cost of energy (LCOE), although challenges remain due to the
intermittent nature of RES.

The solution to the challenges posed by integrating RES into the system is the use of ESS. According to
numerous studies, it is generally more cost-effective for MGs to utilize a single shared ESS rather than multiple
individual ESS units”®. To achieve a viable solution considering both environmental and economic factors,
attention must be paid to the technology and cost of batteries, which are crucial components in standalone
MGs’. Proper sizing of the Battery Energy Storage System (BESS) is essential; an oversized capacity results in
unnecessary costs, while an undersized capacity fails to meet demand. In addition to sizing, the charging and
sharing strategy should account for the intermittent nature of RES and avoid charging the battery during periods
of limited resource availability™!°.

The work presented in!'! examines the impact of simultaneously considering battery size, cycle life, and
technology in MGs during both standalone and grid-tied operations. It also highlights how the depth of
discharge (DOD) affects the battery’s service life. The authors developed a model that quantifies the equivalent
number of complete cycles a battery can undergo over its lifetime, illustrating the difference between a full
cycle (complete discharge of a fully charged battery) and a partial cycle. Another study'? explores a different
configuration of storage systems, including PV, diesel generators (DG), and a hybrid energy storage system
(HESS), which combines batteries and supercapacitors (SCs). This arrangement improves the service life of the
battery by incorporating SCs.

For rural areas where expanding the distribution network is either uneconomical or infeasible, renewable
energy-based MGs offer a promising solution for providing electricity. Autonomous MGs with RES ensure

system security and reliability while offering cost-effective solutions!?.

Optimization in microgrids

Optimization involves achieving the best possible outcome while meeting specified targets, whether they are
maximum or minimum. In the context of MG planning, optimization refers to determining the ideal size,
location, and technology of MG components while adhering to various constraints such as investment costs,
BESS lifecycle, reliability, greenhouse gas (GHG) emissions, and electricity prices. Researchers employ different
optimization techniques based on the specific objectives and constraints of their projects.

Proper sizing of MG components is crucial for enhancing system reliability and cost-efficiency. Oversized
systems lead to excess energy and higher operational costs, while undersized systems fail to meet demand. To
maximize the benefits of RES-based MGs, optimal sizing and effective energy management are essential'%. The
importance of optimal sizing is highlighted in°, which examines the island operation mode of a MG with only
a PV source. In such a system, if the supply falls short of demand, the bus bar voltage decreases, while an excess
supply can result in reverse power flow (RPF), loss of voltage control, and increased risk of short circuits. To
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mitigate these imbalances, optimal sizing of components is necessary. Additionally, incorporating BESS into the
system helps manage energy from intermittent sources, ensuring a reliable supply during deficits.

The main objective of’ is to minimize daytime electricity costs. To achieve this, the study focuses on the
economic dispatch of a MG with a shared ESS and employs a Mixed-Integer Linear Programming (MILP)
approach for optimization. The algorithm regulates the power outputs of PV generators, the shared ESS,
the main grid, and controllable loads to maintain the supply-demand balance and reduce energy costs. The
performance of this approach is demonstrated through three scenarios: (I) without MILP optimization, (IT) with
MILP optimization, and (IIT) with both MILP optimization and a demand response strategy. The results show a
significant cost reduction in scenario II and an even greater reduction in scenario III, highlighting the benefits of
using MILP optimization and demand response strategies in the shared ESS of the MG. This approach has been
evaluated and validated in a green and smart building park in Benguerir, Morocco.

In®, the MG components considered include PV, BESS, and loads. The study uses Genetic Algorithm (GA)
to optimize the capacity of these components, select a charging strategy, and determine optimal locations while
meeting requirements for minimum investment costs, maximum energy supply, and minimal reverse power
flow (RPF). The research emphasizes the importance of ESS management and proper MG configuration to
meet energy demand and optimize costs in autonomous MGs, which serve as backup power during extended
disruptions.

For cost optimization of MGs, factors such as the initial state of charge (SoC), load profile, and operating
costs of ESS and RESs are taken into account. By applying optimization techniques, it is possible to achieve
efficient use of available resources and minimize operational costs'.

Economic concern in MG optimization

Demand Side Management (DSM) is a method that influences customers’ electricity consumption behavior
by minimizing peak loads and utilizing price signals. It should be considered during the system’s planning
stage. Flexible loads, such as electric vehicle charging, washing machines, and disinfection cabinets, can be
shifted to off-peak periods or times with lower tariffs. A study presented in® analyzes the economic scheduling
of renewable energy sources within MGs through a demand management strategy that considers peak-valley
tariff mechanisms. The optimization method employed is based on a price-based demand response. In the
study, an improved War Strategy Optimization (WSO) algorithm is proposed, considering three scenarios:
(1) without a battery, (2) with a battery, and (3) with a battery and demand response. Additionally, demand
response optimization is performed using both Particle Swarm Optimization (PSO) and WSO for the battery
and demand response scenarios. The results are compared with four other optimization techniques, revealing
that the improved WSO performs better in solving the scheduling model. Besides achieving optimal scheduling,
WSO also reduces overall costs and alleviates power supply pressure during peak hours.

A paper presented in'® developed a realistic power scheduling approach using meteorological data and annual
electrical load demand. The feasibility and productivity of the system are demonstrated by analyzing its techno-
economic performance. The study focuses on a residential MG with the primary goals of achieving reliability
and maximizing economic benefits. To optimally size the components and determine the best configuration in
terms of cost, a techno-economic analysis of three cases is conducted using the MILP optimization technique.
In Case 1, the proposed MG configuration consists of PV panels and a BESS. In Case 2, PVs, BESS, and a diesel
generator (DG) are used, while in Case 3, these same components are combined with grid connectivity to meet
the demand. The analysis indicates that Case 2 is preferred due to its independence from grid power and its
lower life cycle cost (LCC). Compared to the other cases, the LCC value of Case 2 is reduced, highlighting the
effectiveness of using PVs, BESS, and DG together.

An improved Bacterial Foraging Optimization (BFO) technique is employed for optimal dispatching of the
MG with a focus on economic efficiency!’. The proposed optimization method enhances economic benefits,
reduces environmental emissions, and lowers operational costs. The techno-economic advantages, energy
dispatch, and optimal capacity of autonomous MGs are discussed in'3, where PVs, wind turbines (WT), BESS,
and DG are considered. For optimization, the Hybrid Optimization Model for Electric Renewables (HOMER)
software is utilized. The study also considers load-side management by evaluating the impact of demand response
(DR) on system optimization. In this context, elastic loads—such as shiftable and curtailable loads—are included
to provide MG operators with the flexibility to flatten the load profile, thereby improving MG reliability.

To determine the optimal configuration of hybrid energy sources, eight different MG energy source
configurations are evaluated based on the cost of energy (COE) and annual net present cost (NPC), considering
seasonally varying commercial and residential loads with different renewable energy fractions. The analysis finds
that the PV + BESS configuration is the most economical compared to other simulated feasible combinations.
The study also notes that the renewable penetration fraction is inversely related to COE and NPC, meaning that
as the fraction of renewable sources decreases, COE increases.

During the planning phase, careful consideration should be given to accurately sizing MG components,
assessing required network upgrades, and incorporating flexible components that impact cost optimization to
reduce overall expenses. Various optimization techniques can be employed with different constraints to achieve
this goal.

Optimization techniques focusing on capacity sizing and the optimal upgrade of generation resources are
proposed in'8. By considering the flexibility of different distributed assets during the planning phase, investment
costs can be reduced by varying the operation scenarios. In this study, PVs and BESSs are used as generation
sources, while Electric Vehicles (EVs) serve as flexible assets. The problem formulation includes storage,
generation capacity, and network upgrades, and is solved using a mixed integer piecewise linear approach.

In%, the optimal sizing of a standalone MG, considering load variability, renewable sources, various battery
types, and battery life cycle energy, and their impact on costs in the Indian context is analyzed. A multi-objective
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optimization method is presented, balancing cost-effectiveness and energy sustainability through the selection
of different batteries. The MG in question includes WT, PVs, and BESS, and the Genetic Algorithm (GA) is used
for optimal component sizing, factoring in environmental concerns, energy efficiency, and life cycle costs.

The study in'? proposes a PV model suited for areas without historical operational data, highlighting its
impact on the MG sizing process and the inclusion of critical loads. The requirement for zero Energy Not
Supplied (ENS) is balanced with economic considerations, and a sensitivity analysis based on an energy storage
system is presented. In'®, the environmental impact is taken into account in the optimization of microgrid
component sizing, comparing the benefits of using either a grid-only system or a microgrid incorporating PV,
WT, BESS, and DG to meet demand. The latter approach is found to be more economical.

The environmental and techno-economic impacts of island MGs, considering different levels of renewable
energy penetration, are explored in'%. The system analyzed includes PVs, BESS, a bio-gasifier, WT, DG, and
loads, with the goal of minimizing the total number of components while prioritizing demand supply.

In?, a hybrid Grey Wolf with Cuckoo Search Optimization (GWCSO) method is applied to optimally
size MG components at minimal cost. The simulation results show that GWCSO outperforms GA, Grey Wolf
Optimization (GWO), Cuckoo Search Optimization (CSO), Particle Swarm Optimization (PSO), and Ant Lion
Optimization (ALO) in terms of robustness, deviation, annual cost, LCOE, and component sizing. The study uses
real-time economic models to optimize the dispatching of ESS, factoring in future operational profit and past
acquisition costs. The Alternating Direction Multiplier Method (ADMM) is used to find the optimal solution.

The emission-free nature and low operational costs of renewable energy sources make them ideal for carbon-
neutral electric power grids. Effective capacity sizing is crucial for ensuring reliability and sufficient power
generation at reasonable operating costs. According to?!, demand response programs can improve the reliability
and stability of the power grid by rescheduling flexible loads to coincide with periods of excess renewable power
supply. The study also examines cost-benefit advantages based on various demand response strategies and
the dependency of energy storage systems in MGs with variable energy sources. The suggested cost-effective
optimal planning method for autonomous MGs employs power capacity-based dynamic pricing demand
response programs (PCDP DRP), integrating both optimal capacity sizing and operational planning. The goal
is to minimize total annual costs while maximizing the installed capacity of components and ensuring the best
operational strategy. Four simulation scenarios are solved using the MILP optimization solver in MATLAB.

The optimal sizing of photovoltaic, diesel, and battery components for island MGs, considering both
economic and reliability factors, is analyzed in?%. A tradeoff between economy and reliability is necessary, as
achieving detailed reliability often incurs higher costs. The study concludes that larger-sized RES are needed
to meet reliability criteria in MG planning. An autonomous MG with BESS, PVs, and DG is considered, with
optimal sizing performed using the MILP algorithm.

Optimal sizing of storage systems plays a significant role in the economic performance of MG systems. ESS
must be properly sized to avoid the high costs of oversizing or the reliability issues caused by undersizing. As
discussed in', key factors to consider in ESS optimization include energy storage configuration methods (single
or composite), operational modes (standalone or grid-tied), optimization analysis techniques, and the impact on
customers’ income and system economy. Harmonized planning of BESS and PVs with demand-side resources
is also explored in the study.

In the context of MG planning, a low-carbon economy is becoming increasingly important. The double-layer
optimization technique proposed in?* determines the optimal capacity and location of MG components while
minimizing carbon emission costs. A carbon subsidy policy to encourage the use of clean energy (such as PV
and wind) and a carbon tax system for carbon-emitting sources (such as diesel generators) are incorporated to
address climate change. This optimization method significantly reduces carbon emissions and promotes the
development of renewable energy sources.

Microgrid cluster

A MG is a small-scale electrical grid consisting of distributed generation and loads. It can operate in either
standalone mode or grid-connected mode. Standalone MGs function autonomously, isolated from the main
grid, and typically include RES along with BESS and/or diesel or gas generators. Due to the intermittent nature
of RES (such as solar radiation and wind speed), MGs are prone to issues like overloading and overgeneration.

Overloading occurs when the generated power is insufficient to meet the load demand, which can be
mitigated by load shedding. Overgeneration, on the other hand, refers to a situation where power generation
exceeds demand, and in such cases, curtailing non-dispatchable renewable sources can be a solution. Both
overloading and overgeneration can impact the frequency and voltage stability of the MG.

Curtailment of renewable energy sources and load shedding are commonly used to address short-term
overgeneration and overloading in standalone MGs. However, these solutions are not economical. An alternative
is the use of energy storage systems, which can resolve these issues but come with high installation and operational
costs. Therefore, finding an optimal solution to this problem is essential.

One such solution is to interconnect nearby MGs to allow power exchange between them. This configuration,
where two or more neighboring MGs are interconnected, is known as a coupled microgrid (CMG) or microgrid
cluster (MGC). In a CMG, each MG is responsible for meeting its own local load demand, but excess generation
can be shared with other interconnected MGs in need. By sharing power within the cluster, both the curtailment
of renewable sources and the need for load shedding are reduced, thereby enhancing the overall reliability of
the system.

In?*, MGs within a cluster are interconnected via a 3-phase AC link and a back-to-back converter. The
effectiveness of the proposed power exchange and control strategy is demonstrated through simulation analysis
using PSIM.
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Deferrable
load

The interconnection of a commercial MG with a residential MG to form an MGC is discussed in®. These
MGs experience different load patterns throughout the week: residential MGs typically see peak loads during
weekends, while commercial MGs experience peak loads on weekdays. By leveraging the differing power
requirements of residential and commercial loads, the surplus power from the commercial MG can be used to
meet residential peak loads during weekends, thereby increasing the reliability of the cluster. As with any power
system, maintaining voltage and frequency within standard limits requires balancing supply and demand within
the cluster.

Figure 1(a) shows a standalone MG that includes PV, micro-hydro, batteries, and various types of loads, while
Fig. 1(b) illustrates a MG cluster composed of three individual MGs.

Research gap

The aforementioned studies on MGs have typically focused on a limited set of factors, such as capacity shortages
and economic impacts, or the economic benefits of MG clustering. In contrast, this work addresses a broader range
of factors, including the optimal sizing of MGs using HOMER Pro, sensitivity analysis considering variations
in Global Horizontal Irradiance (GHI), the price of PV and battery systems, battery lifetime and state of charge
(SOC), and the impact of different capacity shortage levels. Additionally, it examines the interconnection of
standalone MGs to form an MG cluster, analyzes the performance of MGs when operated individually versus in
a clustered form, and conducts a feasibility study of grid extension to a microgrid. This study focuses solely on
renewable energy sources, and the economic, technical, and reliability impacts of these influencing factors are
thoroughly analyzed and discussed.

Contributions of the research
Based on the research gaps, this research has the following contributions:

« This study introduces a method for accurately sizing MG components by categorizing households based on
income levels rather than relying on average energy consumption. This Multi-Tier Framework (MTF) ap-
proach addresses the potential overestimation of MG component requirements in low-income areas, which
can lead to higher initial costs and impede MG development. By tailoring component sizing to the actual
income distribution of households, the study promotes cost-effective MG implementation and supports the
NEP 2.0 goal of universal electricity access.

o A comprehensive techno-economic and reliability analysis is performed to assess the development and per-
formance of MGs and their clusters. This analysis highlights the effectiveness of the MTF method in optimiz-
ing component sizing.

« The study evaluates the advantages of MG clustering from economic, technical, and reliability perspectives,
demonstrating that interconnecting neighboring MGs into clusters provides mutual benefits compared to
standalone MGs.

o A comparative analysis between standalone MGs and MG clusters is conducted, revealing the trade-offs and
benefits of each configuration and underscoring the enhanced performance of clustered MGs.

MGl MG2
Micro-Hydro Micro-Hydro

Micro-Hydro

Commercial
load

Residential

load MG3

(@ (b

Fig. 1. (a) standalone MG and (b) 3 individual MGs interconnected to form MG cluster.
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Fig. 3. Access to various sources of electricity in regions of Ethiopia.
Organization of the manuscript
The remaining sections of this paper are organized as follows: Sect. 2 presents the proposed methodology; Sect. 3
covers the results and discussion; and Sect. 4 concludes the paper.
Methodology
Projects focused on MG development face challenges in achieving sustainability due to the need to balance
high reliability requirements with shorter implementation periods, efficiency, and affordability. To address these
challenges, the MTF has been developed. This method supports the achievement of universal access in both
urban and rural areas?.

According to the Ethiopian NEP2.0, the MTF significantly advances the national electrification goal. Figure 2
illustrates household energy consumption across different regions of Ethiopia based on the MTF?. It shows that
the majority of consumers fall into Tiers 0-3, with Tier 0 comprising 62% of households in the SNNP region,
which represents the largest percentage in this tier.

Figure 3 clearly shows that in the SNNP region, the percentages of electricity access are as follows: 30.1% for
grid access, 7.8% for oft-grid access, and 62.1% for no access. This places the region in the worst access status
compared to other regions. Therefore, this research focuses on the SNNP region, selecting three villages (Toba,
Koza, and Womba) for the optimal development of the MG and MG cluster.
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Categorization of household electricity access based on MTF

The MTF is a method for categorizing households based on various criteria related to electricity access. This
electrification approach involves detailed measurements of energy access to provide people-centric energy
services at different household levels, taking into account energy consumption patterns, economic conditions,
and willingness to pay?®. Rather than relying on a generalized average for a village’s electricity usage, MTF
categorizes households hierarchically from Tier 1 to Tier 5.

In this study, the MTF-based energy access matrix is employed to categorize demands according to the type
of service and the amount of energy consumed, aiming for an optimal solution. Table 2 presents the MTF-based
energy access matrix, which illustrates how Tiers are categorized based on attributes such as power capacity,
availability, supported appliances, reliability, and affordability.

The MTF-based categorization framework offers several advantages, including considering household
income to assess affordability, evaluating outages per week to indicate reliability, and defining specific energy
access services for each Tier.

The procedure used to achieve the objectives of this study is illustrated in Fig. 4 as a flowchart. The procedure
begins with a literature review, followed by site selection and data collection. In the data collection phase,
categories include gathering electrical load data based on MTF-based household categorization, natural resource
data such as GHI, and costs of various system components.

Using this information, optimization analysis will be conducted with HOMER Pro software to determine the
optimal component sizes, considering factors such as cost, reliability, and affordability. In addition to the base
case, sensitivity analysis will be performed to assess the impact of variable sensitivity on optimal sizing. Based
on this analysis, a configuration will be selected that balances cost, reliability, and affordability, allowing for the
choice of the most effective architecture based on different trade-offs.

Subsequently, MGs will be developed using the obtained values, and this process will be repeated for all
three selected MGs. These individual MGs will be interconnected to form an MG cluster. The next step involves
comparing individual MGs with MG clusters from both techno-economic and reliability perspectives.

Finally, a feasibility study of grid extension will be conducted to determine whether to connect the MG to a
nearby substation based on the results obtained.

Attributes Tier 1 Tier 2 Tier 3 Tier 4 Tier 5
Power Peak power > 3W > 50 W > 200 W > 800 W > 2KW
Capacity | paily > 12Wh > 200 Wh > 1 KWh > 3.4KWh > 82KWh
Daily hours > 4 hrs. > 4h. > 8h. > 16 h. > 23h.
Availability
Hrs. per night > 1h > 2h. > 3 hrs. > 4h. > 4 hrs.
Vg\rﬂzfeiow- Low-power Medium-power High-power Very high-power
P apppliances appliances appliances appliances appliances
er (<200 W) (<800 W) (<2000 W) (2KW or more)
Household (3-49W)
P Daily | P Daily | P Daily | P Daily | P Daily
(qty.) | energy | (qty.) | energy | (qty.) energy | (qty.) energy | (qty.) energy
T 6W 10W 10W 10W 10W
Light 36Wh 80Wh 80Wh 80Wh 80Wh
grng (3) 5) 5) ) )
Phone 6W IW IW IWwW IWwW
X 24Wh 72Wh 72Wh 72Wh 72Wh
charging 2) 3) 3) (3) (3)
. 3w 6W 6W 6W 6W
Rad 12Wh 48Wh 48Wh 48Wh 48Wh
adio (1) @) @) Wb o) Wb o)
Supported W W oW
Appliances | Tv (112) 96Wh (112) 9%6Wh | ) 96Wh |12W (1) |96Wh
Fan I5W ) gown |30W 240wh |30 W 240Wh |30 W (2) | 240Wh
1 @ )
Fridge Zf)w 600Wh | 100W (1) | 800Wh ??)0 w 1600Wh
Rice cooker 250 W (1) | 250Wh | 350 W (1) | 350Wh | 400 W (1) | 400Wh
Iron L.IKW (1) | 330Wh | 1.IKW (1) | 330Wh
Washing O.5KW [ 500wh | 0.5kW (1) | 500Wh
machine (1)
Air conditioner L5kw (1) | 42
: KWh
<14 disruptions per | <14 disruptions <3 disruptions
Reliability > 14 disruptions per week Kk P P per week, total per week, total
wee duration<2 h duration<2 h
Affordability Low income Medium High income
income

Table 2. MTF-Based Energy Access Matrix.
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Fig. 4. Procedure of the study.

Microgrid development (Case study: Toba Village)

A. Site description

The proposed villages for this study, namely Toba, Koza, and Womba, are situated in the SNNP region, specifically
within the Gofa zone. Table 3 provides details regarding the population count, number of households, latitude
and longitude coordinates, classification of village households based on income levels as low, middle, or high,
and the presence of available rivers for micro-hydro installations.

In these villages, electricity access is nonexistent, and their considerable distance from the nearby substation
suggests that obtaining electricity from the grid is likely a long-term aspiration.
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Toba 4882 976 6928 N 36° 40'E 58 26 16 Toba
Koza 6210 1242 6°28 59"N | 36°43E |60 25 15
Womba 4152 830 693N 36°47E | 60 20 20 Ergino

Table 3. Selected villages information.
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Fig. 5. Monthly average GHI in Toba village.

Average energy per day | kWh/day | 350.19 647.39
Average power kW 14.59 26.97
Peak power kW 55.72 93.79
Load factor - 0.26 0.29
Scaled annual average | kWh/day | 350.19 647.39

Table 4. Toba residential and commercial load summary incorporating random variability.

Toba Village is located at a latitude of 60° 28’ N and a longitude of 360° 40" E. The village has a population
of 4,882, living in 976 households. The households are classified into three income groups: low-income (58%),
middle-income (26%), and high-income (16%). The village is also home to the Toba River, which has potential
for micro-hydro power generation.

B. Solar energy assessment of Toba village

In Toba village, the monthly average solar GHI data is shown in Fig. 5.
In this village, the annual average GHI is 5.67 kWh/m?/day. The maximum average GHI is 6.24 kWh/m?/day,
occurring in March, while the minimum average GHI is 4.89 kWh/m?/day, occurring in July.

C. Electrical loads of Toba microgrid

In this work, instead of using identical load data for each day and within-day time variations, random variability
inputs are applied to the load profile. This introduces randomness to the load data, making it more realistic. The
random variabilities are introduced as day-to-day and time-step inputs. By incorporating day-to-day variability,
the load profile for each day changes by a random amount, while time-step variability alters the shape of the load
profile without affecting its overall size?>~%’.

In this study, a 10% random variability for both day-to-day and time-step inputs is considered. The resulting
load summary for the Toba MG is presented in Table 4.

Based on the MTF household categorization, the households in Toba Village are classified from Tier 1 to Tier
3. Table 5. presents the residential load profiles for Tiers 1, 2, and 3 in the Toba MG, detailing the type of load,
quantity, daily operating hours, power ratings, and daily energy consumption. Similarly, the commercial loads
are shown in Table 6..

By aggregating the Tier 1, Tier 2, and Tier 3 residential loads for each household at different hours of the day,
the authors derive the village’s residential load profile. Similarly, by summing the various commercial loads at
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Tier 1 Toba MG Residential Load
Load Type Availability (h) | working hour | Rating P (W) | Quantity | L.E. | Power (W) | Energy (Wh/day) | L.F. | Energy (Wh/day)
Lighting 6 18.00-00.00 2 3 09 |54 36 0.9 |32.40
Phone charge | 6 22.00-04.00 3 2 09 |54 36 0.9 |32.40
aolzzlusehold) 72 - | 6480
Tier 2 Toba MG Residential Load
Load Type Availability (h) | working hour Rating P (W) | Quantity | Power (W) | Energy (Wh/day) | L.F. | Energy [Wh/day]
Lighting 8 05.00-07.0018.00-00.00 | 2 3 54 48 0.9 |43.20
Phone charge | 8 20.00-04.00 3 2 5.4 48 0.9 |43.20
Radio 8 05.00-07.0018.00-00.00 | 3 2 3.6 48 0.6 |28.80
Fan 8 12.00-14.0017.00-23.00 | 30 1 22.5 240 0.75 | 180.00
vV 8 16.00-00.00 30 1 21 240 0.7 | 168.00
Total (1 HH) 624 463.200
Tier 3 Toba MG Residential Load
Load Type Availability(h) | working hour Rating P (W) | Quantity | Power (W) | Energy (Wh/day) | L.F. | Energy (Wh/day)
Lighting 8 05.00-07.0018.00-00.00 | 2 3 5.4 48 0.9 |43.20
Phone charge | 8 20.00-04.00 3 2 5.4 48 0.9 |43.20
Radio 8 05.00-07.0018.00-00.00 | 3 2 3.6 48 0.6 |28.80
Fan 8 12.00-14.0017.00-23.00 | 30 1 225 240 0.75 | 180.00
vV 8 16.00-00.00 30 1 21 240 0.7 | 168.00
Fridge 24 00.00-24.00 50 1 20 1200 0.4 | 480.00
Rice cooker 4 11.00-12.0017.00-18.00 | 200 1 80 800 0.4 | 320.00
Total(1hh) 2624 1263.20
Table 5. Residential load profile of the Toba MG for Tier 1, Tier 2, and Tier 3 households.
Watt | LF | Duration Hours | Demand (kW) | Qty | Demand (kW) | Energy (kWh)

Fridge Cafe 500 0.8 |0-24 24 0.4 4 1.6 38.4

Hotel 300 0.7 |8-20 12 0.21 4 0.84 10.08

Shop Barber 125 0.6 |[9-18 9 0.075 4 0.3 2.7

Shop Goods 100 0.8 |8-20 12 0.08 6 0.48 5.76

Tailors 250 0.8 |8-18 10 0.2 4 0.8 8

Tea house 400 0.6 |8-20 12 0.24 3 0.72 8.64

Flour mill 12,500 | 0.85 | 8-18 10 10.625 4 42.5 425

Wood Works | 3500 0.7 |8-18 10 2.45 2 4.9 49

Iron Works 5000 0.7 |8-18 10 3.5 1 3.5 35

Financial Inst. | 120 09 |8-17 9 0.108 2 0.216 1.944

Fridge Clinic | 100 0.6 |0-24 24 0.06 1 0.06 1.44

Clinic 5000 0.6 |8-17 9 3 1 3 27

Vet clinic 3000 04 |8-17 9 1.2 1 1.2 10.8

School (1-8) | 44 09 |[9-12,14-17 |6 0.0396 28 1.1088 6.6528

School (9-12) | 104 09 |[9-12,14-17 |6 0.0936 16 1.4976 8.9856

Govt. Office 100 0.8 |9-17 8 0.08 4 0.32 2.56

Church 670 09 |[4-7 3 0.603 3 1.809 5.427

Total 64.8514 647.3894

Table 6. Toba MG Commercial load profile.

different hours of the day, the commercial load profile is obtained. Figure 6 illustrates the total residential and
commercial load profiles of the Toba MG over a 24-hour period.

D. Toba MG Deferrable Load (Pump)

In Toba Village, pumps are considered for irrigation and drinking purposes, and Fig. 7 shows the deferrable
load demand. During the rainy season, this demand decreases, as clearly observed from May to October. Table 7
presents the storage capacity and peak load of the system.

E.Micro-Hydropower of Toba MG
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Fig. 6. Residential and Commercial load profile of Toba MG.
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Fig. 7. Toba MG pump load demand.

Storage capacity KWh | 230
Peak Load KW |75
Minimum Load Ratio | % 50

Table 7. Input data for deferrable load consideration.

The electrical output power of a hydroelectric turbine is determined using the following equation:
Phyd =n hyd*p water*g *hnet*QtuT‘bine (1)

Where, Phyq is the power output of the hydro turbine (W), 71,4 is the efficiency of the hydro turbine (%),
P water 18 the density of water (1000 kg/m?), g is the acceleration due to gravity (9.81 m/s?), hnet is the effective
head (m) and Qturbine is the flow rate of hydro turbine (m%/s).

Substituting these values, the power output of the Toba Micro Hydro is calculated to be 51.79 kW. The input
data required for the analysis of Toba MG Micro-hydro Power is provided in Table 82%%°.

F. Photovoltaic systems in the Toba MG

Table 9 provides the PV input data required for the optimal analysis of the Toba MG.

G. Converter systems in the Toba MG

Table 10 provides the converter input data required for the optimal analysis of the Toba MG.
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Description Units | Value
River Toba
Available Head m 60
Design flow rate L/s 110
Minimum flow ratio % 75
Maximum flow ratio % 130
Efficiency % 80
Capital cost $ 129,500
Replacement cost $ 64,750
O&M cost $/year | 2,694
Lifetime Years | 40
Pipe head loss % 15
Capacity P = p ghQn kw 51.79
Capital Cost $/kKW | 2500
Operation and maintenance (O & M) Cost | $/year | 2694
Lifetime Years | 40

Table 8. Input Data for Toba MG Micro-hydro Power Analysis.

Descriptions Units | Value
Generic flat plate PV

Capital cost $/KW | 900
Replacement cost $/kW | 900
O&M cost $/years | 18
Derating factor % 85
Time years 25
Ground reflectance % 20
Temperature effects on power (temp coefficient) %/°C -0.5
Nominal operating cell temperature (operating temp) | °C 47
Efficiency at standard test conditions (Efficiency) % 13

Table 9. Input Data for the Toba MG PV system.

Description Units | value
Capital cost $/kW | 300
Replacement cost | $/kW | 300
O&M cost $/years | 6
efficiency % 95
lifetime years 15

Table 10. Input Data for the Toba MG Converter.

H. Battery systems in the Toba MG

Table 11 provides the battery input data required for the optimal analysis of the Toba MG.
In addition to the aforementioned costs, MG distribution network costs are also considered. For the Toba
MG, the capital costs amount to $94,000, and the O&M costs are $4,700 for the distribution network.

Results and discussion

Optimal sizing results of Toba microgrid

In the optimal sizing of the Toba MG, the primary objective is to meet the predefined MTF-based load demand
with a minimum-cost solution. The optimization process focuses on balancing three key factors: cost, reliability,
and affordability. For cost minimization analysis, the NPC, COE, initial capital cost, operating cost, annual
capacity shortage, and state of charge are considered. This study evaluates the optimal MG configuration needed
to meet various load demand levels ranging from 0 to 10% capacity shortage. Since only clean energy sources are
utilized, the renewable fraction is 100%.
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Units
Name Li-ion Battery
Capital cost $/unit | 300
Replacement cost $/unit | 300
O&M cost $/year | 6
Round trip efficiency | % 90
String size 8
Nominal voltage A 6
String voltage \Y% 48

Table 11. Input data for the Toba MG Battery.
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Fig. 8. Optimal sizing result of Toba MG with different capacity shortage.

A capacity shortage is a shortfall that occurs between the required operating capacity and the actual amount
of operating capacity the system can provide. Figure 8 illustrates the optimal sizing of PV systems, batteries,
micro-hydro (assumed constant), and converters for different levels of capacity shortage in the Toba MG.

Figure 8 clearly shows that the sizes of the components vary depending on the capacity shortage. For
example, with a capacity shortage of 3%, the capacities of the PV systems and batteries are 85.81 kW and 104
kWh, respectively. As the capacity shortage increases to 4%, their capacities change to 62.35 kW and 144.0
kWh, respectively. This indicates a reduction in PV size and an increase in battery capacity. Since the size of
the micro-hydro power is assumed to be constant, the sizes of the PV systems, batteries, and converters adjust
to meet the specified load demand with minimal cost. Therefore, the variation in component sizes for different
levels of capacity shortage is necessary to achieve the specified load with the minimum overall NPC or COE for
the system.

Figure 9 displays the NPCs, initial capital costs, capital costs of PV systems, batteries, converters, and COE of
the Toba MG as the capacity shortage increases from 0 to 10%.

In this MG, the NPC, initial capital cost, and combined capital costs of the PV systems, battery, and converter
are reduced by 27.77%, 28.72%, and 58.83%, respectively, as the capacity shortage increases from 0 to 10%.
Additionally, the COE, which is $0.1195/kWh at 0% capacity shortage, decreases to $0.09104/kWh at a 10%
capacity shortage, representing a 23.82% reduction. This reduction in various system costs with increased
capacity shortages highlights the benefits of developing MGs.

The impact of capacity shortages on reliability is reflected in terms of unmet electrical loads. For the reliability
analysis, July is chosen due to its minimal GHI. Figure 10a shows the hourly power supply and demand for a
10% capacity shortage in July. During this month, there are a total of seven outages per week, four of which are
major outages, as illustrated in Fig. 10b. Thus, for a 10% capacity shortage, the MG experiences between 4 and
7 outages per week.

Figure 11 clearly shows that as the capacity shortage increases, the number of unmet electrical loads also
rises. For example, with a capacity shortage of 10%, there are 16 major power outages per month compared to
only 2 outages with a 1% capacity shortage.

The COE for capacity shortages of 1%, 4%, 7%, and 10% is $0.102/kWh, $0.0963/kWh, $0.0927/kWh, and
$0.09104/kWh, respectively. This demonstrates a reduction in cost. However, this reduction in cost comes with
an increase in unmet electrical loads.

Therefore, as capacity shortage increases, the number of unmet electrical loads rises, indicating a decrease in
reliability. According to NEP2.0, grid-connected households experience 4 to 14 outages per week, with outage
levels for Tier 1 and Tier 2 households—who are predominant in standalone MGs—exceeding 14 outages per
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Fig. 9. Costs of Toba MG for different capacity shortages.
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Figure 11. (continued)

(d) 10% capacity shortage

PV 54.5kW | Max. output Total production
47.3 kW 88,262
Battery 96.0kWh | Usable capacity | Energy in Energy out
76.8kWh 35,235 31,784
Micro-hydro 51.8 kW | Mean output Total production
44 kW 385,679
Converter Max. output Energy in Energy out
Inverter | 33.1kW | 33.1kW 102,726 97,590
Rectifier | 33.1kW | 33.1 kW 33,748 32,061

Table 12. Optimized technical results for the Toba MG.

PV 49,053.32 12,682.75 61,736.07
Battery 28,800 28,399.95 7,446.25 | -632.81 64,013.39
ﬂ’hc“" 129,500 34,826.73 | -5816.76 | 158,509.97
ydro

Converter | 9,922.06 | 4,209.67 2,565.35 | -792.3 15,904.78
Distribution | g, 5 60,759.33 154,759.33
network

Total 311,275.38 | 32,609.62 11828041 | -7,241.87 | 454,923.54

Table 13. Optimized economic results for the Toba MG.

5, 2

y %0

week. In contrast, Tier 3 households experience fewer than 14 outages per week. Therefore, considering existing

reliability, a 10% capacity shortage can be chosen for the reliability versus cost trade-off.

On average, the cost of electric power generation, transmission, and distribution is $0.09/kWh. However, the
current tariff in Ethiopia ranges between $0.04/kWh and $0.06/kWh, which is the lowest in Africa. According
to the Ethiopian Electric Utility (EEU), the tariff should be between $0.08/kWh and $0.10/kWh for the EEU to
be profitable®’. With a 10% capacity shortage, the COE is $0.09104/kWh, which falls within the EEU’s planned
tariff range.

The optimal techno-economic results for the Toba MG are detailed in the following section. Tables 12 and 13
present the technical and economic results of the Toba MG, respectively, while Table 14 summarizes the detailed
MG costs under a 10% capacity shortage.
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System Parameter | Capacity Shortage | Initial Capital | NPC Operating Cost | COE

Value 10% $311,275.38 $454,923.54 | 11,111.818/yr. 0.09105$/kWh

Table 14. Toba MG costs under 10% capacity shortage.
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Fig. 12. Sensitivity analysis results for GHI variation by +25%.

Table 13 categorizes the cost analysis of the MG over a 25-year project lifetime into Capital Costs, Operation
and Maintenance (O&M) Costs, and Salvage Costs.

Capital Costs refer to the initial investment required for the procurement and installation of MG components.
For example, the capital cost for the PV system is $49,053.32. This expense is a one-time cost incurred at the
beginning of the project, covering the purchase and installation of the PV panels.

O&M Costs encompass the annual expenditures necessary for the ongoing operation and upkeep of the MG
components. For the PV panels, the total O&M cost over the 25-year period is projected to be $12,682.75. This
figure includes costs associated with routine servicing, minor repairs etc. necessary to maintain the PV system’s
efficiency and reliability.

Replacement Costs are considered for components with a limited lifespan. While the PV panels, having a
lifespan equal to the project’s duration, do not incur replacement costs, the battery system—having a shorter
lifespan of 15 years—will require replacement once during the project’s lifetime. This replacement cost is
anticipated at the end of the battery’s useful life.

Sensitivity analysis

The sensitivity analysis is a crucial methodological approach used to evaluate how variations in key variables
impact the overall costs and performance of MG systems. This study focuses on several critical sensitivity
variables, including GHI, PV prices, battery prices, and allowed battery usage levels. To assess their influence
on optimal MG sizing and system economics, the analysis method involves varying one parameter at a time
while keeping others constant. This approach isolates the effects of each variable on key economic metrics such
as NPC, initial capital cost, and COE. By systematically examining changes in solar irradiation, fluctuations in
battery and PV prices, and variations in battery SOC, this sensitivity analysis aims to provide valuable insights
into the robustness of the MG design. The results guide more effective decision-making and optimize system
performance by identifying which variables most significantly impact the microgrid’s economic outcomes.

GHI plays a pivotal role in determining the energy output of PV panels, thereby influencing the overall
performance and cost of a microgrid. Variations in GHI directly affect the energy production of the system,
which can lead to significant changes in both operational efficiency and total costs. According to®!, GHI
predictions can vary from 20 to 63% over the long term (48 h to 7 days). To account for this variability, a+25%
range in GHI was considered for the Toba MG study.

Figure 12 illustrates the sensitivity analysis results for GHI variations, demonstrating how adjusting GHI by
+25% from the optimization value impacts MG costs. Specifically, a 25% reduction in GHI results in increases
of 4.96% in NPC, 4.89% in initial capital cost, 16.34% in PV and battery capital costs, and 4.51% in COE.
Conversely, a 25% increase in GHI leads to reductions of 2.83% in NPC, 2.79% in initial capital cost, 11.17%
in PV and battery capital costs, and 2.97% in COE. This analysis underscores the sensitivity of MG economics
to fluctuations in solar irradiation and highlights the importance of considering GHI variability in system
optimization.

The price of PV decreased annually by nearly 20% up to 2020, as shown in*2. However, by the end of 2020,
the price rose by 15%, and it is expected to continue rising in the coming years due to increasing material and
shipping costs®. To account for this in the sensitivity analysis, a variability of + 15% and +20% in PV module
price is considered.
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Fig. 13. Sensitivity analysis results for PV price variation.
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Fig. 14. The cost trend of Li-ion LFP battery from 2020 to 2050%.
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Fig. 15. Sensitivity analysis results for varying battery usage levels.

Figure 13 illustrates the impact of PV price on various system costs, showing the price variation of + 15% and
+20% from the value used for system optimization. When the PV price decreased by 15%, the NPC, initial capital
cost, and COE dropped by 1.62%, 2.37%, and 1.95%, respectively. Conversely, when the PV price increased by
20%, these same costs rose by 2.16%, 3.16%, and 1.83%, respectively. This result demonstrates that changes in PV
costs can significantly affect the overall system economy.

Figure 14 presents the cost trends for Li-ion LFP batteries across different capacities from 2020 to 20503,

Figure 15 shows the reduction in various MG system costs as the allowed battery usage level increases. When
the battery usage level increases from 50 to 100%, the NPC, initial capital cost, and PV plus battery capital cost
decrease by 3.17%, 6.58%, and 22.8%, respectively, while the COE drops from $0.09361/kWh to $0.09054/kWh.

As explained in Table 15, the cost reduction is attributed to a decrease in the number of batteries required as
the allowed usage level increases. Conversely, when the allowed battery usage level decreases from 100 to 50%,
the number of required battery strings rises.
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100% 80 10
90% 88 11
80% 96 12
70% 112 14
60% 128 16
50% 152 19

Table 15. Number of batteries required at different allowed usage levels.
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Fig. 16. Sensitivity analysis results for varying battery prices.

Toba 4,882 976 6928 N 36° 40°E 58 26 16 Toba 51.8
Koza 6,210 1,242 6°28’ 59N | 36" 43’E 60 25 15
Womba 4,152 830 693N 36°47E | 60 20 20 Ergino 235

Table 16. The three villages’ data for MG Cluster development.

At the 100% allowed battery usage level, the fewest battery strings are required. However, it is important to
note that 100% usage is not advisable as it reduces the battery’s lifetime. Therefore, a balance must be achieved
between cost and battery longevity.

Battery price variation significantly affects the economics of the MG system. As battery prices decrease, the
various costs associated with the MG also decline. This is clearly illustrated in Fig. 16, which shows the impact
of a 10% and 20% reduction in battery price. percent.

With a 20% price reduction, the battery capital cost decreases by $5,760, and the COE falls from $0.09104/
kWh to $0.08999/kWh.

Microgrid cluster
A microgrid cluster consists of neighboring, independently operating MGs that collaborate to function as
a cohesive unit. In this research, for the development of the cluster, a hypothetical location was created that
integrates the combined load profiles (both primary and deferrable) of the three case study villages, the average
GHI of these villages, a micro-hydro power system with a capacity equal to the combined capacities of the Toba
and Ergino micro-hydro systems, the distribution network costs for the three villages combined, and the costs
associated with interconnecting the villages. Table 16 presents the details of the three individual MGs used to
develop the MG cluster.

Figure 17 illustrates the distances between the villages and their near-linear, cascaded positioning.
Consequently, from an economic standpoint, this study focuses on interconnections from Toba to Koza and
from Koza to Womba.

Techno-Economic analysis of microgrid cluster
Figure 18 displays the load profile of the MG cluster, including the combined residential and commercial loads
for each MG. Figure 19 illustrates the total residential and commercial loads across all three MGs.
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Womba

Fig. 17. Geographical locations of Toba, Koza and Womba villages.
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Fig. 18. Residential and commercial load profiles for the three MGs.

Table 17 presents the daily energy consumption and peak power for residential, commercial, and deferrable
loads for both individual MGs and MG cluster.

Distribution network and interconnection costs for microgrid cluster

In the optimal planning of MGs, accounting for distribution network costs is crucial for making techno-
economic analysis more realistic. In addition to distribution networks, the cost of interconnection systems
between individual MGs should also be considered in the development of MG cluster. Tables 18 and 19 present
the costs associated with the distribution network and interconnection systems for the MGs.

Optimal sizing result of microgrid cluster

In MG cluster analysis, it is essential to account for both the distribution costs of each MG and the costs of
interconnecting them, which typically results in a higher overall initial cost compared to independent operation.
However, this additional cost must be evaluated from a different perspective to determine its value.

For the analysis, the procedure used to develop the optimal Toba MG is applied to the development of the
Koza and Womba MGs. A hypothetical MG, combining all residential, commercial, and deferrable loads from
the three villages, is considered. Additionally, parameters such as the micro-hydro power potential (aggregating
Toba and Ergino micro-hydro), the average GHI of the three villages, the combined distribution network costs,
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Fig. 19. Total residential and commercial loads for the three MGs.

Residential Commercial Agricultural (Deferrable) Total
Peak
Power
Energy (kWh/day) | Peak Power(kW) | Energy (kWh/day) | Peak Power(kW) | Energy (kWh/day) | Peak Power(kW) | Energy (kWh/day) | (kW)
Toba 350.19 55.72 647.39 93.79 120.00 75.00 1117.58 88.99
Koza 426.09 67.6 169.22 25.01 100.00 45.00 695.31 52.29
Womba 318.85 51.11 144.61 21.36 107.50 55.00 570.96 44.92
Microgrid Cluster | 1095.13 174.42 961.22 140.16 327.50 175.00 2383.85 186.20

Table 17. Residential, commercial and agricultural consumptions of MG and MG Cluster.

Capital Cost ($) | O&M ($/yr)
Toba 94,000 4700
Koza 127,000 6350
Womba | 82,000 4100

Table 18. Distribution network costs for individual MGs.

Voltage (kV) | Distance (km) | Unit Cost ($/km) | Cost ($) | Transformer 50kVA ($)
Toba to Koza 15 8.5 15,000 127,500 | 2x10,000
Koza to Womba 15 9.1 15,000 136,500 | 10,000
Microgrid Cluster 264,000 | 30,000

Table 19. Interconnection costs for MGs.

and the interconnection costs are used for the optimal analysis. This study also considers a 10% capacity shortage
for both individual and clustered MGs.

To provide a comprehensive evaluation, this study compares the results from the hypothetical MG cluster
with those of three standalone, non-interconnected MGs, referred to as “Three Ind. MG. The comparison is
conducted from technical, economic, and reliability perspectives to assess the impact and benefits of clustering
MGs.

Economical analysis

To develop cluster, it is necessary to interconnect the individual MGs, which introduces additional costs but
can also provide economies of scale. As shown in Table 20, while the initial capital cost increases by 10%, MG
clustering results in a reduction in capital costs for PV systems, batteries, and converters by 32.44%, 45.12%,
and 35.17%, respectively, compared to three independent MGs. Additionally, the NPC and operating costs also
exhibit reductions. Furthermore, the COE for the cluster is lower than the average COE of the three individual
MGs, highlighting the benefits of clustering.
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PV Micro Hydro Battery
Capacity (kW) | Production (MWh/yr.) | Capacity (kW) | Production (MWh/yr.) | Capacity (kWh) | Annual Throughput (MWh/yr.)
Toba 54.5 88.262 51.8 385.679 96 33.503
Koza 189 305.868 520 110.187
Womba 57.1 92.485 23.5 175.309 40 16.401
Three Ind. MGs | 300.6 486.615 75.3 560.988 656 160.091
MG cluster 203 328.7701 75.3 560.988 360 85.334
Consumption Unmet Load Excess Energy
Primary Load | Deferrable Load
(MWh/yr.) (MWh/yr.) Unmet (%) Unmet (MWh/yr.) Excess (%) Excess (MWh/yr.)
Toba 344.136 42.37 5.19 21.136 16.3 77.157
Koza 197.906 36.308 7.69 19.507 15.7 48.123
‘Womba 157.822 36.1 6.83 14.211 25.5 68.329
Three Ind. MGs | 699.864 114.778 6.57 54.854 19.167 193.609
MG cluster 697.301 119.11 6.12 53.266 5.1 45.334

Table 21. Individual and clustered MG (a) Technical results (b) energy usage condition.

Village Toba Remark

Nearby substation distance (km) | 130 -

Grid power price ($/kWh) 0.045 Its b/n 0.04 to 0.06$/kWh
Grid sellback price ($/kWh) 0.09105 | Toba MG COE

Grid capital cost ($/km) 12,417.22

Table 22. Data for grid extension of Toba MG.

Technical analysis
It Table 21.a indicates that the PV capacity, initially 300 kW in the three independent MG, is reduced to 203 kW
in the clustered MG. Similarly, battery capacity decreases from 656 kWh to 360 kWh. These reductions are
primarily attributed to the Koza MG, which, while operating independently, relied solely on PV and batteries to
meet its load requirements. With the introduction of interconnecting lines, Koza now benefits from additional
renewable energy sources provided by the other MGs. Consequently, excess hydropower from Toba or Womba
MGs can be supplied to Koza during the night, reducing its reliance on batteries. This arrangement allows for a
more efficient sharing of resources within the cluster.

Table 21.b further demonstrates that clustering the MGs reduces unmet load and excess energy by 6.85%
and 73.4%, respectively. As a result, excess power in the cluster is effectively transferred to other connected MGs
experiencing power deficits.

Reliability analysis

When analyzing reliability, it is important to consider whether the benefits of clustering impact the system’s
reliability beyond acceptable levels or if it remains within standard thresholds. As noted earlier, clustering
reduces unmet load, which can serve as a positive indicator of improved reliability.

Grid extension

Grid extension involves connecting individually operating MGs to the national grid system, potentially
enhancing system reliability and power access. This section analyzes the feasibility of extending the grid to
the Toba MG, which is situated 130 km from the Sawla substation. The feasibility study assesses whether this
connection is economically viable by comparing the costs of grid extension with the anticipated benefits.
The information required for this analysis is presented in Table 22. This evaluation aims to determine if the
investment in extending the grid to such a distance offers sufficient economic benefits to justify the costs.

The feasibility is assessed by comparing the costs of extending the grid to the MG with the potential economic
benefits. The breakeven distance, where the costs of extension are balanced by the benefits, is calculated and
illustrated in Fig. 20, showing a breakeven distance of 15.02 km. Since the Toba MG is 130 km from the
Sawla substation, this distance greatly exceeds the breakeven point, indicating that extending the grid is not
economically justified in this case.

Conclusion
This work presented the optimal planning and sizing of microgrid cluster for performance enhancement. Based
on the research, the following points can be concluded:
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Fig. 20. Breakeven grid extension distance of Toba MG.

Using the MTF-based strategy, the categorization of households’ energy access varied based on income and
willingness to pay the bill, which helped increase the accuracy of optimal sizing and gave more economical
results than taking the assumption of average consumption for all households.

In this research, the households fall between Tier 1 and Tier 3, and the disruption times for Tier 3 are less than
14 times a week, and for the majority of the neighboring national grid, around 4-14 times a week. Therefore,
without leaving this level of reliability, the consideration of a capacity shortage has a high economic benefit.
For example, if we compare a capacity shortage of 0% and 10% in Toba MG, the COE is reduced by 23.82%,
which gives economic benefit without missing the required reliability level.

Prediction of GHI has some result variation, so consider that +25% of GHI is taken. As the percentage of irra-
diance reduces, different costs of the system increase, and as the irradiance percentage increases, system costs
decrease. Therefore, accurate measurement values and consideration of site location with higher irradiance
for PV installation have an impact on the economy of the system.

The price of PV modules varies. It was reducing toward 2020, but starting at the end of 2020, it is increasing.
Price changes have a direct impact on the economy of the system. Taking Toba MG, a 20% increment in PV
price resulted in a 3.16% increment in initial capital cost; therefore, during the design stage, it is necessary to
know the time of implementation so that module price can be predicted in order to have a good economic
estimation.

The price of batteries is decreasing, and this one also has a direct impact on the economy of the system. In
Toba MG, for a price reduction of 20%, the battery capital cost is reduced by $5,760. Therefore, for batteries
too, it is necessary to know the time of implementation during the design stage to predict what its price would
be by then in order to have a good economic estimation.

A high usage level of batteries reduces the quantity required and so does the cost, but such an advantage
comes with a payback of faster battery degradation, which results in the requirement of replacement earlier
than expected, so a tradeoff is needed to benefit from an optimal usage level.

MG clustering requires an additional cost of interconnection between individual MGs, but the advantages it
brings in the form of reduced unmet load, excess energy, component size, and reliability enhancement weigh
the additional initial cost.

In Toba MG, due to the calculated NPC and its distance from the nearby Sawla substation, grid extension is
not economically feasible.

As a future enhancement of this work, individual microgrid and microgrid cluster control can be incorporated
into the system to make system performance better.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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