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ABSTRACT: Energy access remains a critical challenge in rural South Sudan, with communities heavily relying on
expensive and unfriendly environmental energy sources such as diesel generators and biomass. This study addresses the
predicament by evaluating the feasibility of renewable energy-based decentralized electrification in the selected village
of Doleib Hill, Upper Nile, South Sudan. Using a demand assessment and the Multi-Tier Framework (MTF) approach, it
categorizes households, public facilities, private sector, Non-Governmental Organizations (NGOs) and business energy
needs and designs an optimized hybrid energy system incorporating solar Photovoltaic (PV), wind turbines, batteries,
and a generator. The proposed system, simulated in Hybrid Optimization Model Electric Renewable (HOMER) Pro,
demonstrates strong economic viability, with a present worth of $292,145, an annual worth of $22,854, a return on
investment (ROI) of 36.5%, and an internal rate of return (IRR) of 42.1%. The simple payback period is 2.31 years, and
the discounted payback period is 2.62 years. The system achieves a levelized cost of energy (LCOE) of $0.276/kWh and
significantly reduces dependence on diesel, producing 798,800 kWh annually from wind energy. This research provides
a replicable model for cost-effective, sustainable rural electrification, offering valuable insights for policymakers and
energy planners seeking to expand electricity access in off-grid communities.

KEYWORDS: Decentralized electrification; demand assessment; multi-tier framework; South Sudan; off-grid
solutions; payback period

1 Introduction

1.1 Introduction to Energy Access in South Sudan
Access to reliable and sustainable energy plays a pivotal role in driving socioeconomic development.

Sub-Saharan Africa continues to face significant challenges with electricity access. Fig. 1 presents a global
population without access to electricity between 2010 to 2024. The population without electricity in the
developing Asian countries had declined by nearly 90% signifying increase in generation capacity while a
huge gap of electricity deficit is experienced in Sub-Saharan Africa during the period. About 80% of the
world’s population without electricity is underdeveloped.

The situation in South Sudan is dire, as the country grapples with alarmingly low levels of electricity
access, with only 7.4% of the population having access to electricity. Rural areas in South Sudan, such as
Doleib Hill which is situated at 16 km from Malakal, faces significant challenges in meeting their energy
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needs. They heavily depend on expensive and environmentally detrimental sources of energy, such as diesel
generators, kerosene lamps, and biomass. This energy shortage affects the economy and essential services
like education and healthcare, lowering the quality of life among the communities [1–3].
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Figure 1: Variation of the global populations without access to electricity between 2010 to 2024

1.2 Decentralized Electrification
Expanding South Sudan’s national grid to achieve universal access is not possible or cost-effective in the

short term due to the current state of the country’s energy infrastructure. High costs, expansive geographical
area, and low population density in rural areas hinder provision of electricity. However, in this context,
decentralized electrification proves to be a practical alternative. It involves the utilization of localized energy
solutions such as micro-grids, home systems, and mini-grids [4–6].

Decentralized electrification offers numerous advantages. It enables the customization of energy solu-
tions to suit the unique requirements of individual communities. This approach can be swiftly implemented
at a lower cost than grid expansion, making it suitable especially for remote areas. Furthermore, decentralized
systems can harness renewable energy sources, offering a sustainable and environmentally friendly substitute
for fossil fuels. This is not only aiding the reduction of the country’s carbon footprint but also reduces reliance
on expensive and unreliable fuel imports [7,8].

1.3 Renewable Energy Solution
South Sudan possesses substantial renewable energy resources, such as solar, wind, and hydropower.

Embracing renewable energy for decentralized electrification offers numerous advantages. First, it reduces
the country’s dependence on expensive imported fossil fuels, which can have unpredictable price changes and
supply interruptions. Second, renewable energy can be adjusted to meet the energy needs of communities,
like providing lighting, charging phones, and powering schools, healthcare facilities, and small businesses.
Last but not least, renewable energy plays a crucial role in ensuring environmental sustainability by reducing
emissions and mitigating deforestation effects [9,10].

1.4 Demand Assessment
Development of efficient renewable energy solutions for decentralized electrification calls for critical

systematic approach. This approach involves assessing local renewable energy resources and selecting
the appropriate technologies. Important factors include combining storage and distribution systems,
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involving local communities, and dealing with financial and regulatory challenges to ensure sustainability
and compliance.

Ongoing monitoring and evaluation are crucial for optimizing performance and maintaining long-term
sustainability. This approach focuses on demand assessment, which involves collecting data on energy usage,
identifying unmet needs, and projecting future demand while taking into account factors such as population
growth and economic activities [11–13].

1.5 Multi-Tier Framework
The Multi-Tier Framework (MTF) for energy access enhances this process by offering a nuanced

evaluation of energy access. Unlike the simple binary of “electrified” vs. “non-electrified,” the MTF assesses
energy access across multiple tiers, considering aspects such as capacity, reliability, quality, affordability, and
safety. Each tier represents a different level of energy service, from Tier 0 (no access) to Tier 5 (full access).

This multi-dimensional approach is especially valuable in regions with diverse energy needs, allowing
for a detailed understanding of energy access and enabling tailored solutions. For instance, while some
areas may only need basic services like lighting and phone charging (Tier 1), others may require more
advanced services such as refrigeration and productive energy uses (Tier 4 or 5) (Brown & Garcia, 2023).
This structured analysis supports the development of more effective and context-specific renewable energy
solutions [14–16].

Tables 1 and 2 below depict a general detail for the Multi-Tier Framework (MTF) as proposed by
the World Bank. This table outlines the different tiers of energy access assessment, including their service
capacities, the type of services provided, and key indicators like availability, reliability, and quality.

The Multi-Tier Framework (MTF) assesses various aspects of electricity service across different tiers.
These solutions are but not limited to service capacity, which quantifies power available for use in waste. It
determines the range of electrical devices that can be operated. Services provide different levels of support for
appliances and services. Tier 1 offers basic lighting and phone charging, while Tier 5 provides full household
electrification. Second is availability, when necessary, which comprises of daily Availability that refers to the
number of hours electricity is accessible throughout the day and evening availability that refers to the evening
hours when electricity is provided. This is necessary for activities like studying, cooking, and socializing.

Table 1: Multi-Tier Framework of energy access assessment

MTF Tier Service capacity Example services Daily availability
Tier 0 No electricity None None
Tier 1 Minimum 3 W (typically solar

lanterns)
Task lighting, phone charging Minimum 4 h

Tier 2 Minimum 50 W General lighting, television, fan Minimum 4 h
Tier 3 Minimum 200 W Multiple lights, television,

refrigerator, basic appliances
Minimum 8 h

Tier 4 Minimum 800 W High-power appliances (e.g.,
washing machine, iron)

Minimum 16 h

Tier 5 Above 2000 W Full household electrification,
including AC

24 h
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Table 2: Multi-Tier framework of key indicators

MTF Tier Evening
availability

Reliability Quality Affordability

Tier 0 None Not applicable Not applicable Not applicable
Tier 1 Minimum 1 h Not required Basic Cost of electricity <5% of household

income
Tier 2 Minimum 2 h Not required Basic Cost of electricity <5% of household

income
Tier 3 Minimum 3 h <14 disruptions

per week
Stable Cost of electricity <5% of household

income
Tier 4 Minimum 4 h <3 disruptions

per week
Good Cost of electricity <5% of household

income
Tier 5 Minimum 4 h <3 disruptions

per week
Good Cost of electricity <5% of household

income

Third is reliability, which measures the stability of the electricity supply by looking at how often
disruptions occur. Lower tiers may tolerate frequent outages, whereas higher tiers require a more stable
supply. Quality presents an assessment of electricity’s stability and effectiveness. While affordability will
examine the cost of electricity, ensuring it remains affordable across all tiers, the aim is to keep electricity
costs below 5% of household income to guarantee affordability.

1.6 Motivation
This study focuses on the optical energy access challenges faced by rural communities in South Sudan,

where electrification levels remain among the lowest globally. Communities like Doleib Hill Village rely
heavily on costly, unsustainable energy sources like biomass and diesel generators. Renewable energy has
great potential for providing electricity in a decentralized pattern. However, there is a lack of detailed research
on how to implement these solutions in South Sudan. This research will assess demand in Doleib Hill village,
using the Multi-Tier Framework to fill the gap.

The findings will help create a decentralized electrification plan that uses local renewable energy
resources. This plan can be replicated in other off-grid areas in South Sudan. Moreover, this study will enrich
the existing knowledge surrounding energy accessibility, providing valuable insights that can be used to
develop policies and implement practical solutions [17–19]. Given the challenges and costs associated with
centralized grid expansion, decentralized renewable energy systems offer a viable and sustainable alternative.
This study fills a significant gap by designing a hybrid renewable energy system specifically tailored to meet
the unique demands of rural South Sudanese communities.

This paper is structured as follows: Section 2 outlines the methodology, including data collection and
analysis techniques. Section 3 presents the results with patterns of energy access in Doleib Hill village with
concentration on renewable energy solutions and HOMER optimization characterized by technical and
commercial outlook. Section 4 discusses system economic and optimization results. Section 5 concludes with
highlights and impacts of a hybrid renewable energy system and future research. This is finally followed
by Section 6 which shows the recommendation for future practical actions.



Energy Eng. 2025;122(5) 1843

1.7 Knowledge Contribution
The novelty of this research lies in its application of the Multi-Tier Framework (MTF) alongside

HOMER Pro software and the Rural African Load Profile Tool (RALPT) to design and optimize a hybrid
energy solution for off-grid electrification in Doleib Hill Village, Upper Nile, South Sudan. Unlike previous
studies in South Sudan and similar regions that focus on general energy assessments or individual renewable
technologies, this study takes an integrated approach [3,20,21]. It combines MTF’s tiered energy access
evaluation with HOMER Pro’s optimization tools and RALPT to design a hybrid system that incorporates
solar PV, wind turbines, batteries, and a generator.

The RALPT enables a more accurate estimation of energy demand by providing region-specific load
profiles, improving the design of energy systems to match local consumption patterns. This ensures that the
hybrid system is both efficient and appropriately sized to meet both base and peak demand. This approach
provides a more detailed understanding of energy needs across multiple tiers and aligns energy solutions with
local demand, considering the region’s socio-economic and resource contexts. The hybrid model is tailored
to the renewable resources available in Upper Nile and is designed to be cost-effective, reducing reliance on
fossil fuels.

The research offers a replicable model for sustainable rural electrification, focusing on hybrid systems
to enhance energy access in underserved regions of South Sudan and Africa. By integrating technology opti-
mization and demand assessment, this study provides a scalable framework for renewable-based solutions,
with potential to inform policy and community energy planning, addressing energy poverty in off-grid areas.

2 Methodology

2.1 Research Design
The study utilizes a mixed methods of approaches to assess decentralized electrification solutions in

Doleib Hill, Malakal, South Sudan. By integrating both quantitative and qualitative data, the research aims at
providing a comprehensive understanding of energy access challenges and the feasibility of renewable energy
solutions. A multi-Tier framework will be employed to evaluate energy access levels and potential impacts
of renewable technologies. The results will contribute to developing a model for decentralized electrification
in rural South Sudan, offering a potential solution for bridging the energy access gap in similar communities
across the country.

2.2 Study Area
As shown in Fig. 2, Doleib Hill Village is located approximately 16 km southeast of Malakal, the

capital of Upper Nile State, South Sudan, at 8.35○ N latitude and 30.89○ E longitude. The village has a
diverse population, including returning refugees, internally displaced people, and long-term residents, who
primarily rely on subsistence farming and small-scale trade. This rural community faces significant energy
challenges, relying on traditional biomass and costly polluting diesel generators due to the absence of a
centralized electricity grid.

The local distribution system which would extend to Doleib Hill from Malakal was vandalized during
the war in 2013 and 2016. The lack of energy supply hinders the village’s economy, which depends on sub-
sistence farming and small-scale trade. Additionally, the village lacks essential infrastructure and struggles
with the lack of electricity.

To address these challenges, the use of wind and solar power presents a promising renewable energy
solution. The implementation of solar home systems, wind turbines, and mini grids could significantly
improve the quality of life and foster economic development in the village [22–24]. The data for wind and
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solar energy potential used in this study are sourced from Malakal Airport, providing localized insights for
the region.

Figure 2: Map of South Sudan, Upper Nile State and Doleib Hill (Study Area)

2.3 Data Collection and Analysis
2.3.1 Integration of Quantitative and Qualitative Data

Quantitative data has been collected through structured surveys conducted in households, NGOs,
Public facilities, private sector and businesses in the selected village. These surveys have gathered extensive
information about current energy usage, expenses, frequency, and duration of power outages. The collected
data allows for assessing energy access across different levels, using a multi-level framework from basic to
advanced [15,25,26]. To ensure the robustness of the survey data, the sample size was determined using the
Cochran’s formula for a finite population, given by the following equation:

n = N .Z2.p. (1 − p)
e2. (N − 1) + Z2.p. (1 − p)

(1)

where:

• n = required sample size
• N = total population size
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• Z = Z-value (e.g., 1.96 for 95% confidence level)
• p = estimated proportion of the population (assumed to be 0.5 for maximum variability)
• e =margin of error (e.g., 0.05 for a 5% margin)

Doleib Hill, previously abandoned due to conflict and flooding, is now seeing the return of displaced
people. The village population, estimated at approximately 2150 people as of April 2024 according to UN
data, was used to calculate the sample size for the study [27]. The average household size is appraised to
be seven (7) people, leading to an estimated 308 households in the village. Applying Cochran’s formula,
the required sample size was determined to be 102. Stratified random sampling was used to guarantee
sufficient representation of different sub-groups within the population, including households and businesses.
This method enabled a thorough analysis across diverse groups and ensured the survey results were
comprehensive and representative [28,29].

Qualitative data were collected through in-depth, semi-structured interviews and focused group discus-
sions. These engagements involved diverse local stakeholders, including government officials, community
leaders, and residents. The methods explored views on energy access, challenges of using renewables, and
the community’s preferred energy solutions [30,31].

The sample size for collecting qualitative data was determined by using data saturation. This point
occurs when no new information emerges, ensuring a comprehensive understanding. Purposive sampling
was used to select participants with specific knowledge or experience relevant to the research questions. Key
informants and community members who had been actively involved in energy initiatives were targeted to
provide in-depth insights [32–34].

Finally, to ensure the reliability and validity of the findings, the study has employed a triangulation
approach. This approach combined quantitative and qualitative data sources. Combining various types of
data improves credibility, reduces bias, and gives a thorough analysis of energy access problems [35–37].

2.3.2 Multi-Tier Framework Approach
The multi-tier framework will be used to categorize energy access into different levels based on the

quality, quantity, and reliability of energy services [30]. Mapping of Current Energy Access using quantitative
survey data to identify the current state of energy access in Doleib Hill, by categorizing households and
businesses into different tiers based on their energy service quality and availability.

The evaluation of renewable energy solutions helps to assess how various renewable energy technologies
can address the gaps identified in energy access. Qualitative insights from interviews and focus groups
will provide additional context, highlighting community preferences and potential barriers. Modeling
Scenarios using the combined quantitative and qualitative data to model potential scenarios for renewable
energy deployment and estimate their impact on energy access levels. This integrated approach ensures
a comprehensive assessment of both the current energy situation and the potential benefits of renewable
energy solutions.

2.3.3 Renewable Energy-Based Solutions Analysis
An analysis of renewable energy solutions for decentralized electrification in Doleib Hill Village has

been conducted to assess both technical feasibility and economic viability. The approach integrates tools and
methodologies tailored to the specific energy demands of the region, including the use of Rural African Load
Profile Tool (RALPT). The RALPT models and predicts energy consumption in rural Africa, where demand
and supply differ from urban areas. This tool assists in the design of off-grid or mini-grid energy systems by
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offering realistic load profiles that reflect the typical consumption patterns, requirements, and constraints of
rural communities.

a. Technical Feasibility
Hybrid Optimization Model for Electric Renewables (HOMER) Pro is a powerful microgrid opti-

mization software and is widely used for designing and analyzing hybrid energy systems, including those
integrating renewable energy sources like solar and wind. Originally developed at the National Renewable
Energy Laboratory (NREL), HOMER Pro combines engineering and economic tools to help users identify
the most cost-effective and reliable system configurations [38–40]. In the case of Doleib Hill Village, the
utilization of HOMER Pro was pivotal in assessing and optimizing renewable energy systems, ensuring that
they were tailored to the specific energy needs of both residential and commercial properties in the village.

Through the utilization and integration of RALPT, the energy solutions were strategically aligned
with the community’s diverse energy demands, effectively catering to the unique energy usage patterns
of local businesses [41–43]. The schematic representation of the hybrid power system designed, analyzed,
and optimized within HOMER Pro is illustrated in Fig. 3. This figure captures the various components and
interactions that constitute the entire system, which comprises five key components: photovoltaic (PV) solar
panel, a wind turbine, a battery, a generator, and a converter.

Figure 3: HOMER system architecture

The specifications for the components of the hybrid power system are outlined in Table 3, with each
element selected to optimize both performance and cost-effectiveness. The photovoltaic array consists of
generic PV modules designed to meet the load demand with costs adjusted for system balance and associated
expenses. Similarly, wind turbines are chosen based on local wind resources and energy requirements,
incorporating costs that encompass installation and maintenance. Additionally, a diesel generator serves
as a reliable backup or complementary power source, with its expenses factoring in fuel, operation,
and maintenance.

To ensure energy reliability, a lithium-ion battery is employed and integrated seamlessly through
HOMER-Pro software, while a versatile converter from HOMER connects the DC and AC buses, facilitating
seamless energy storage without the need for additional adjustments.
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Table 3: Modules’ parameters

Description Specifications
PV system

Rated capacity (kW) 1
Capital cost ($) 3000

Operation and maintenance cost ($/year) 10
Lifetime (Years) 25

Replacement cost ($) 3000
Derating factor (%) 80

Diesel generator
Rated capacity (kW) 23
Capital cost ($/kW) 500

Operation and maintenance cost ($/operation hour) 0.03
Lifetime (Years) 15

Replacement cost ($) 500
Wind turbine

Rated capacity (kW) 1650
Capital cost ($) 10,000

Operation and maintenance cost ($/year) 500
Lifetime (Years) 20

Replacement cost ($) 10,000
Converter

Rated capacity (kW) 1
Capital cost ($) 300

Operation and maintenance cost ($) 0
Lifetime (Years) 15

Replacement cost ($) 300
Efficiency (%) 95

Battery
Nominal capacity (kWh) 1

Nominal voltage (V) 12
Capital cost ($) 300

Operation and maintenance cost ($/year) 10
Lifetime (Years) 10

Replacement cost ($) 300
Efficiency (%) 80

b. Economic Viability
A cost-benefit analysis and financial evaluation were conducted to determine the economic feasibility

of the suggested renewable energy solutions. Excel was utilized to compute essential financial metrics
like Net Present Value (NPV) and Internal Rate of Return (IRR). These techniques have been selected
based on previous research and their suitability for analyzing the financial viability of renewable energy
projects [44–46]. The economic assessment was designed to incorporate the energy demand profiles
generated from integrating households and commercial loads. This approach ensures accurate calculation of
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projected financial returns for renewable energy systems in residential and commercial energy consumption
patterns [43,47,48].

c. Total Net Present Cost (TNPC)
The NPC is given by the following formula:

TNPC = CC + O&MC + RC + FC (2)

where CC is the total capital cost, O&MC is the total operating & maintenance cost, RC is the total
replacement cost while FC is the fuel cost for the system.

d. Internal Rate of Return (IRR)

0 = CF0 +
CF1

(1 + IRR)
+

CF2

(1 + IRR)2 +
CF3

(1 + IRR)3 + . . . + CFn

(1 + IRR)n (3)

CF0 is Initial Investment/Out lay, CF1 , CF2, CF3, . . . CFn refers to cash flow, while n is each period and
N is holding period. NPV is the Net present value and IRR presents Internal Rate of return.

e. Levelized Cost of Energy (LCOE)
The LCOE is a key figure in the energy project. It measures the ratio of the NPV of total cost of the

project over lifetime and NPV of electrical energy produced over lifetime of the project. The internal rate
of return helps the company in making decisions on investment. LCOE and IRR are given by the following
formulae [46,49]:

COE = TNPC X CRF
Egen

(4)

where CRF is the capital recovery factor, Egen is the total energy generated by both the grid and the micro
grid generators, is given by the following formula:

Egen = Egen_ l oad + Egen_Gr id , (5)

In the absence of the grid, Egen_Gr id = 0 and CRF is given by the following equation:

CRF = γ (1 + γ)τ

γ (1 + γ)τ − 1
, (6)

where γ is the annual interest rate, and τ is the usual life of the plant in years.
f. Life Cycle Emissions
The quantity of the corresponding CO2 emissions in this study was calculated using the following

formula:

LCE = ∑
x
i=1 BiEl , (7)

where El (kWh) gives information about the amount of electricity generated in each system component,
while Bi (kg CO2-eq/kWh) gives the system CO2 emission during lifetime and x represents the number of
the components in the system.
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2.4 Sensitivity Analysis
Fig. 4 presents sensitivity analysis for the hybrid system which involves examination of how changes in

different input variables impact the system’s overall performance and cost. This analysis helps in identifying
the most critical factors that affect the system’s efficiency, reliability, and economic viability. Below is a step-
by-step chart on how sensitivity analysis is performed for a hybrid system.

Figure 4: Sensitivity analysis of the hybrid system

Higher solar radiation and wind speed improve the performance of PV panels and wind turbines.
Fuel costs increase operational expenses and affect the cost-effectiveness of the system. High capital costs
impact on the financial feasibility and return on investment (ROI) of the system. Higher maintenance costs
contribute to greater lifecycle costs, affecting the Net Present Cost (NPC) and levelized cost of energy
(LCOE). Higher discount rates decrease the present value of future savings and revenues, impacting financial
metrics like the internal rate of return (IRR).

An accurate load profile helps optimize the sizing and operation of system components, ensuring
a reliable energy supply and cost efficiency. Higher battery capacity and efficiency enhance the system’s
ability to store and dispatch energy, improving reliability and reducing energy wastage. Higher conversion
efficiency reduces energy losses, enhancing overall system performance. Finally, a more reliable grid
reduces dependency on the hybrid system, while an unreliable grid increases the need for robust hybrid
system performance.
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3 Results

3.1 Energy Access in Doleib Hill Village
This section presents findings derived from questionnaires completed by a diverse range of respon-

dents, including households, private entities, Non-Governmental Organizations (NGOs), and public sector
representatives. These results provide an in-depth look into Doleib Hill Village’s energy landscape. The
energy sources used by the community, including generators, solar power, charcoal, and collected wood, are
explored. This assessment provides insight into the diverse means through which the village meets its energy
needs, highlighting both the availability and limitations of each source.

The evaluation of energy access levels in Doleib Hill Village was conducted using the Multi-Tier
Framework (MTF). The results, as shown in Fig. 5, indicate heavy reliance on biomass, especially at lower
tiers, with limited access to modern energy solutions such as solar and generators. The findings revealed
significant disparities across different tiers, ranging from complete reliance on traditional biomass sources
to partial adoption of solar energy systems.
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Figure 5: Aggregate MTF respondent’s distribution

A substantial 65% of respondents (65 out of 100) fall into Tier 0, relying predominantly on traditional
energy sources such as wood, charcoal, and animal waste, with no access to modern electricity solutions.
Only 1% of these respondents use generators, while 9% have access to small solar systems. This highlights
the severe lack of modern energy access for most households in the village.

In Tiers 1 and 2, representing 10% of respondents (10 out of 100), households and private sector users
have minimal access to small solar systems that provide basic services like lighting and phone charging. In
these tiers, relative to all respondents, 7% of households rely on biomass, 6% on generators, and 7% on solar
energy. However, these systems remain inadequate for more advanced energy needs, such as powering larger
appliances or supporting businesses.

For Tiers 3 to 5, which include 25% of respondents (25 out of 100), there is a noticeable shift towards more
reliable energy access, largely influenced by NGOs and public organizations. In these tiers, 4% of households
use biomass, 7% use generators, and 6% rely on solar systems. These systems, while supporting multiple
appliances and better meeting energy needs, are still primarily powered by diesel generators, which pose
significant environmental and cost concerns.

To improve energy access across all tiers, expanding clean energy solutions like solar and wind
power is essential. Offering subsidies and affordable financing for larger solar systems, alongside estab-
lishing community-level solar and wind-powered mini-grids, would ensure reliable and sustainable energy
for households and businesses. This approach would reduce dependence on traditional biomass energy
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and diesel generators, enhancing energy availability while promoting cost efficiency and environmental
sustainability for the community.

3.2 Doleib Hill Village’s Renewable Energy Solutions
Model Technical Analysis
To evaluate the feasibility of implementing an off-grid system to address the electricity access challenges

in Doleib-Hill village, an off-grid electricity generation system was designed and analyzed to meet the
estimated daily load demand, catering to both residential and commercial needs. This estimation was
delivered from responses gathered through questionnaires, utilizing the RALPT, as illustrated in Table 3.

Table 4 percentages are derived by linking income levels to household tiers. Low-income households,
corresponding to Tiers 0–2, make up 77.3% of the total 308 households, reflecting the widespread financial
hardship. Medium-income households, in Tiers 3–4, account for 13.6%, representing a smaller but critical
segment that faces moderate economic challenges. High-income households, classified as Tier 5, make up
9.1%, indicating a small group with greater financial resources. These percentages were calculated by applying
the tier-based classification to the total number of households.

Table 4: Household and commercial inputs

HOUSEHOLD INPUTS
Number of households: 308

High-income households (%) 9.1%
Medium income households (%) 13.6%

Low income households (%) 77.3%
COMMERCIAL INPUTS

Number of small shops 10
Number of schools 4
Number of clinics 2

The daily electric load profiles, estimated at 165.44 kWh/day, for the Doleib Hill community, encom-
passing both households and commercial establishments, are illustrated in Fig. 6. These loads clearly
illustrate the fluctuations in electrical load that occur throughout a typical 24-h day, highlighting periods of
peak demand and low usage and reflecting the residential community’s needs. During daylight hours, the
household load is notably reduced as many family members are away from home.

In contrast, the evening sees a surge in electricity demand from 18:00 to 22:00, as households gather
together. On the commercial side, peak usage occurs from 7:00 to 17:00, aligning with the operational
and active hours of local businesses. Furthermore, the combined load profile reveals that overall electricity
consumption peaks in the evening, particularly from 18:00 to 22:00, driven largely by household needs.

Figs. 7 and 8 display the monthly solar radiation and wind data, provided by South Sudan Meteorolog-
ical Department, for the village of Doleib Hill. The village enjoys an average daily solar irradiation of around
5.43 kWh/m2/day, alongside a wind speed of 5.5 m/s, both of which exhibit notable seasonal and monthly
fluctuations. This data has also been utilized as an input into HOMER software to simulate the optimal design
of a hybrid renewable energy system.
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Figure 7: Monthly solar radiation
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Figure 8: Monthly wind speeds at 10 m a.g.l

Tables 5–7 outline various hybrid system configurations that combine solar PV, wind turbines, gener-
ators, and battery storage to determine the best capacity and production efficiency for Doleib Hill Village.
Each configuration evaluates production capacity (kW), fuel needs (L), and annual energy output (kWh/yr),
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aiming at balancing renewable energy generation with conventional backup to meet changing demands.
For example, configurations such as “PV/Wind/Battery/Gen/Converter” integrate multiple energy sources,
minimizing fuel dependence and ensuring a reliable energy supply. In contrast, setups that rely solely
on generators, like “Gen,” result in elevated fuel costs and higher operational emissions. These meticu-
lously optimized combinations provide design flexibility, considering production requirements, economic
factors, and overall system sustainability. HOMER optimization results are acategorised into non-renewable
and renewable energy sources as well as battery and converter within the hybrid system as presented
in Tables 5–7.

Table 5: System non-renewable energy sources

Generator

Modules combinations Capacity (kW) Hours Production (kWh) Fuel (L)
PV/Wind/Battery/Gen/Conv. 23 1554 13,376.34 4911.83

Wind/Battery/Gen/Conv. 23 2037 18,569.16 6698.56
PV/Wind/Battery/Conv.

Wind/Battery/Conv.
Wind/Gen 23 4665 34,146.79 13,235.76

PV/Wind/Gen 23 4663 33,736.63 13,130.73
PV/Gen/Battery/Conv. 23 2442 22,962.10 8206.46

PV/Battery/Conv.
Battery/Gen/Conv. 23 6273 63,049.85 22,101.83

PV/Gen 23 8760 65,768.98 25,268.19
Gen 23 8760 69,321.80 26,160.65

Table 6: System renewable energy sources

Solar PV Wind turbine

Modules combinations Capacity
(kW)

Production
(kWh/yr)

Capacity
(kW)

Quantity Production
(kWh/yr)

PV/Wind/Battery/Gen/Conv. 10.89 17,986.27 1650 1 798,800.50
Wind/Battery/Gen/Conv. 1650 2 1,597,601.00
PV/Wind/Battery/Conv. 26.58 43,914.92 1650 1 798,800.50

Wind/Battery/Conv. 1650 5 3,994,003.00
Wind/Gen 1650 2 1,597,601.00

PV/Wind/Gen 0.86 1,428.19 1650 2 1,597,601.00
PV/Gen/Battery/Conv. 31.44 51,937.24

PV/Battery/Conv. 61.12 100,968.00
Battery/Gen/Conv.

PV/Gen 2.85 4713.01
Gen
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Table 7: System battery and converter

Battery Converter

Modules combinations Quantity Capacity (kW) R. M. O (kW) I. M. O (kW)
PV/Wind/Battery/Gen/Conv. 79 10.33 1.31 1.00

Wind/Battery/Gen/Conv. 62 8.86 1.13 0.86
PV/Wind/Battery/Conv. 196 31.00 2.30 1.75

Wind/Battery/Conv. 337 37.43 3.25 2.47
Wind/Gen

PV/Wind/Gen
PV/Gen/Battery/Conv. 115 9.86 1.85 1.41

PV/Battery/Conv. 289 25.73 4.10 3.12
Battery/Gen/Conv. 36 5.01 0.88 0.67

PV/Gen
Gen

NB: R.M.O: Rectifier Mean Output, I.M.O: Inverter Mean Output, Conv: Converter.

4 Discussion

4.1 Economic Analysis
The economic analysis of the proposed hybrid energy systems evaluates financial viability through

metrics like Net Present Cost (NPC), Cost of Energy (COE), and payback periods. The optimal system
component—generator, solar PV, wind turbine, converter, and battery—is assessed for capital cost, salvage
value, and total lifecycle costs. These evaluations provide insights into the potential return on investment
and long-term sustainability of the energy systems. Ultimately, this information aids stakeholders in making
informed decisions that align with their financial and environmental goals. This financial overview promotes
a balance between initial costs and long-term savings, helping Doleib Hill Village achieve a sustainable
energy solution.

A. System Optimization
Tables 8 and 9 provides an overview of operating costs, production output, and levelized cost of energy

(LCOE) for different hybrid system configurations in Doleib Hill Village. The renewable energy system that
combines solar PV, wind, generator, battery storage, and converter has a low LCOE of $0.276 per kWh and
moderate operating costs, hence reduced fuel reliance. In contrast, systems that heavily rely on generators,
such as the “Generator” configuration, face significantly increased operating costs of $38,574.22 annually and
a Levelized Cost of Energy (LCOE) of $0.655 per kWh, primarily due to their constant fuel consumption.

Moreover, configurations with constrained renewable input, such as “Wind/Battery/Gen/Conv.,”
demonstrate moderate costs that underscore the need for regular generator operation. The table shows that
hybrid systems focusing more on renewable resources have lower operating costs and improve economic
efficiency. This supports the case for adopting renewable-inclusive systems as a viable, sustainable energy
solution for the village.
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B. System Optimization

Table 8: Non-renewable energy sources component

Modules Generator Operating
cost ($/yr)

LCOE ($)

Hours Production
(kWh/y)

Fuel (L) O&M ($/yr)

PV/Wind/Battery/Gen/Conv. 1554.00 13,376.34 4911.83 1072.26 10,286.710 0.276
Wind/Battery/Gen/Conv. 2037.00 18,569.16 6698.56 1405.53 12,543.870 0.277
PV/Wind/Battery/Conv. 6220.225 0.318

Wind/Battery/Conv. 9973.055 0.394
Wind/Gen 4665.00 34,146.79 13,235.76 3218.85 20,211.430 0.377

PV/Wind/Gen 4663.00 33,736.63 13,130.73 3217.47 20,112.130 0.378
PV/Gen/Battery/Conv. 2442.00 22,962.10 8206.46 1684.98 16,043.490 0.453

PV/Battery/Conv. 10,517.210 0.554
Battery/Gen/Conv. 6273.00 63,049.85 22,101.83 4328.37 32,961.060 0.578

PV/Gen 8760.00 65,768.98 25,268.19 6044.40 37,710.290 0.652
Gen 8760.00 69,321.80 26,160.65 6044.40 38,574.220 0.655

Table 9: Renewable energy sources components

Solar PV Wind turbine Operating
Cost ($/yr)

LCOE ($)

Modules Production
(kWh/yr)

Production
(kWh/yr)

O&M ($)

PV/Wind/Battery/Gen/Conv. 17,986.27 798,800.50 200.00 10,286.710 0.276
Wind/Battery/Gen/Conv. 1,597,601.00 400.00 12,543.870 0.277
PV/Wind/Battery/Conv. 43,914.92 798,800.50 200.00 6220.225 0.318

Wind/Battery/Conv. 3,994,003.00 1000.00 9973.055 0.394
Wind/Gen 1,597,601.00 400.00 20,211.430 0.377

PV/Wind/Gen 1428.19 1,597,601.00 400.00 20,112.130 0.378
PV/Gen/Battery/Conv. 51,937.24 16,043.490 0.453

PV/Battery/Conv. 100,968 10,517.210 0.554
Battery/Gen/Conv. 32,961.060 0.578

PV/Gen 4713.01 37,710.290 0.652
Gen 38,574.220 0.655

C. System Optimization
Table 10 provides an in-depth analysis of the costs associated with the HOMER optimization results

derived from various combinations of energy sources. This analysis highlights the impact of each energy
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source on the overall financial viability of the project. By comparing these costs, stakeholders can make
informed decisions regarding the optimal energy mix for future implementations.

Table 10: Optimization results

Architecture Cost

Module PV
(kW)

V82 Gen
(kW)

Converter
(kW)

NPC
(US$)

LCOE
(US$/kWh)

Operating
Cost

(US$/yr)

CAPEX
(US$)

PV/Wind/Battery/Gen/Conv.10.8 1 23 9.54 214,677 0.279 10,788 76,766
Wind/Battery/Gen/Conv. 2 23 8.45 216,490 0.281 12,841 52,336
PV/Wind/Battery/Conv. 21.2 2 29.2 237.368 0.320 16,423 115,266

Wind/Battery/Conv. 3 23 289,941 0.377 19,435 41,500
Wind/Gen 0.865 3 23 291.317 0.378 19,339 44.094

PV/Wind/Gen 6 62.2 319,191 0.434 10,695 182,470
PV/Gen/Battery/Conv. 29.6 23 9.57 348,927 0.453 16,704 135,397

PV/Battery/Conv. 59.3 27.0 420,577 0.566 10,459 286,879
Battery/Gen/Conv. 23 5.01 445,403 0.579 32,981 23,802

PV/Gen 2.89 23 502,022 0.652 37,702 20,059
Gen 23 504,529 0.655 38,568 11,500

Fig. 9 presents the monthly average electric production of the hybrid energy system proposed for Doleib
Hill Village. This figure shows the annual contribution of various components like solar PV, wind turbines,
and generators to total electricity generation. The wind turbine at Doleib Hill Village proves that wind is a
reliable energy source, generating 798,800 kWh/year. Higher production in January, February, and December
suggests stronger winds during these months. Seasonal wind increases offset low solar energy during cloudy
periods, highlighting wind’s crucial role in enhancing the hybrid energy system.

Figure 9: Monthly average electric production

Fig. 10 illustrates the financial implications of each component in the system, culminating in a Total
Net Present Cost (TNPC) of $212,463.47 with capital cost of $80,965. This figure represents the compre-
hensive cost of the system, accounting for all capital investments, operational and maintenance expenses,
replacement costs, and salvage values.
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Figure 10: Optimal system costs details per component

• PV (Photovoltaic) systems demonstrate a low NPC of $34,057.06, reflecting their cost-effectiveness over
time due to minimal operational and maintenance costs. This position is PV as an attractive option for
long-term renewable energy solutions.

• The Generator incurs significant fuel costs of $62,789.73, leading to a high NPC of $97,185.05 despite its
lower capital cost. This suggests a trade-off between initial investment and ongoing operational expenses.

• The Battery, while having a higher capital cost of $23,700.00, shows a competitive NPC of $63,141.93,
primarily due to the absence of fuel costs. This indicates its viability as a long-term energy storage
solution.

• The Converter stands out with the lowest NPC of $4152.20, demonstrating its cost-effectiveness relative
to its capital and replacement costs.

• The V82 component, with a NPC of $13,927.23, indicates moderate costs that contribute to the overall
system efficiency.

In conclusion, the strategic integration of these components exemplifies a thoughtful approach to
reducing operational costs while enhancing energy production and reliability. This analysis underscores
the significance of weighing both initial capital investments and long-term operational efficiencies when
designing an energy system, ultimately guiding choices that align with both financial viability and environ-
mental sustainability.

Table 11 provides key financial metrics for project evaluation. It shows a present worth of $292,145,
representing the total current value of future cash flows. The annual worth is $22,854, indicating the
equivalent uniform annual cash flow. The return on investment (ROI) is 36.5%, demonstrating the project’s
profitability relative to its initial cost. The internal rate of return (IRR) is 42.1%, which is the discount rate at
which the net present value of cash flows equals zero. The simple payback period is 2.31 years, indicating the
time it takes to recover the initial investment without considering the time value of money. The discounted
payback period is 2.62 years, reflecting the time to get back the investment with adjustments for the time
value of money.

Fig. 11 visualizes the cash flow of the renewable energy system over a 25-year period, highlighting initial
capital costs for components like solar PV panels, wind turbines, batteries, and generators. It also details peri-
odic maintenance and replacement costs, showing higher initial costs for long-lasting components such as
solar PV (25 years) and wind turbines (20 years), compared to shorter-lived assets like batteries (7 years) and
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generators (10 years). This figure emphasizes the financial planning required for sustainable operation and
eventual component replacement, ensuring the project’s financial sustainability and operational efficiency.

Table 11: Project economic and financial analysis

Metric Value
Present worth ($) $292,145

Annual worth ($/yr) $22,854
Return on investment (%) 36.5
Internal rate of return (%) 42.1

Simple payback (yr) 2.31
Discounted payback (yr) 2.62

Figure 11: System cash flow

5 Conclusion
The study highlights the feasibility and impact of a hybrid renewable energy system incorporating

solar PV, wind turbines, batteries, and diesel generators to provide sustainable, decentralized electrification
in Doleib Hill Village, South Sudan. The system, optimized using the Multi-Tier Framework (MTF) and
HOMER Pro software, meets local energy demands in a reliable, cost-effective, and environmentally friendly
manner. Financially, the system is robust, with a present worth of $292,145, an annual worth of $22,854,
a return on investment (ROI) of 36.5%, and an internal rate of return (IRR) of 42.1%. The short payback
periods, 2.31 years (simple) and 2.62 years (discounted)—further underscore its economic viability, making
it attractive for rural electrification initiatives. The hybrid system also offsets diesel use by harnessing
an estimated 798,800 kWh of wind energy annually, enhancing sustainability and reducing emissions.
This model presents a replicable pathway for rural electrification, promoting progress toward Sustainable
Development Goal 7 (affordable and clean energy) and fostering socioeconomic growth through improved
access to education, healthcare, and local businesses.
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The Multi-Tier Framework for Energy Access measures holistic patterns of data access, however, it
comes with detailed data collection and implementation complexities which are resource intensive compared
with traditional binary assessment. Future research should look at integrating the data with the country’s
national household surveys which could enhance sustainable data collection. It should also carryout
an in-depth study on the differences in energy access between female and male headed households to
guide interventions in addressing gender specific barriers in energy. Researchers may also investigate the
potential hybrid systems’ integration with smart grids and evaluate enhancement of their functionality.
This includes studying communication protocols, data management, and real-time monitoring to optimize
energy distribution and usage. A comprehensive study on the economic and environmental impacts of hybrid
systems should be investigated as it can provide insights into their long-term viability.

6 Recommendations
The research recommends the following key points for knowledge, investments and policy decisions:

1. The nationwide success of this pilot project will require similar hybrid systems to be scaled up, replicated,
and tailored for off-grid communities across South Sudan and other regions in Africa. A need to
customize each implementation based on local resource availability, community needs, and load profiles
to ensure adaptability and maximize impact.

2. Governments and international donors should incentivize investment in renewable energy projects
through subsidies, low-interest loans, and tax breaks, especially for low-income rural areas. These
mechanisms can reduce initial costs, making renewable systems more accessible and financially viable
for both communities and investors.

3. To foster long-term sustainability, local community members should be engaged in the project from
planning through implementation. Training residents to operate and maintain the system can build
local expertise and enhance ownership, reducing their dependency on external support.

4. Establishing a framework for regular data collection and monitoring of energy consumption, system
performance, and economic impacts will enable continuous optimization and provide valuable insights
for future projects. Such data can also help in adjusting the system to meet evolving community needs
and scale up appropriately.

5. Policymakers should incorporate decentralized renewable energy systems into national energy plans
as a key strategy for rural electrification. Clear and supportive policies for renewable mini-grids
and microgrids can facilitate investment, streamline regulatory approvals, and create a conducive
environment for sustainable development.

Through these recommendations, stakeholders can effectively leverage hybrid renewable systems
to enhance energy access, foster economic development, and support environmental sustainability in
underserved communities across South Sudan and similar regions.
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