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ABSTRACT

The current energy crisis in South Africa, within the transformational context of the
Inga 3 Hydropower Project and further through green supply chains, is the subject
of this research. It fully describes how shortages of electricity have dire implications
for key industries such as mining, manufacturing, and services, all exacerbated
by aging infrastructure and dependence on coal. The Inga 3 project involves 4,215
MW of capacity and is discussed here as an example of how a renewable energy
alternative could alleviate South Africa’s energy deficit. This paper looks at the
feasibility of integrating Inga 3 into the South African power grid from a technical,
economic, and environmental point of view, considering how green supply chain
management can help toward greater sustainability and efficiency. GSCM integrates
sustainability within the supply chain for benefits to include reduced carbon footprints,
resource optimization, and enhanced environmental performance. These are exciting
economic, social, and environmental benefits related to the inclusion of renewable
energy and green supply chains; they include job opportunities, reductions in energy
costs, and enhancements of industrial efficiencies. The infrastructure improvement,
political will, and financial commitments pose the challenges to attain these targets.
Finally, this study concludes with policy recommendations toward the implementation
of renewable energy and sustainability with a view to transforming the energy
platform in South Africa.

Keywords: South Africa, Inga 3 Hydropower, Green supply chains, Renewable energy, Energy
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INTRODUCTION

The South African energy crisis has attained a critical turning point, generally
characterized by heavy reliance on old and worn-out coal-fired power
stations with comparably high underinvestment in renewable energy systems.
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This has become an issue of high importance on a national level. The
recurrent power interruptions stemming from this crisis interrupt numerous
critical sectors, such as industry, domestic environments, and public services,
thereby ultimately inhibiting economic development and compromising
societal welfare in multiple dimensions (Hendrickse, 2022).

The grim development serves in strong relief to underline the urgent
need for alternative fuels that would serve the double purpose of lessening
the dependence of this country on coal and deeper, structural inefficiencies
affecting the generation and distribution of energy across the country.

The Inga 3 Hydropower Project on the mighty Congo River is a unique
and possibly transformative opportunity in the field of renewable energy. The
extensive initiative, anticipated to generate a capacity of 4,215 megawatts,
has the potential to greatly enhance the diversification of the energy mix
in South Africa and bolster energy security across the broader region
(Kenfack et al., 2021).

In addition to this, the implementation and assimilation of Green Supply
Chain Management (GSCM) practices are expected to elevate standards
related to industrial efficiency and sustainability. The outcome will be
less environmental impact for the same and will also contribute to better
economic stability related to respective industrial sectors. Kalpande & Toke,
2021 have commented that the focus of the research study is to discuss
the way such new technologies can be integrated, keeping in consideration
the critical aspects of technical feasibility, economic viability along with
comprehensive ecological impact. But at the same time, it is trying to
provide the holistic and comprehensive detailed mechanism for solving the
multi-dimensional energy problems of South Africa.

Problem Statement

Most efforts meant to improve generation capacity are in place, but
the energy crisis in South Africa remains unresolved. This is mainly
because of some deep-seated systemic inefficiencies and a general lack
of effective integration of renewable energies. Ineffective maintenance of
Eskom, a national utility provider, together with its operational failures and
overdependence on coal, results in persistent load shedding that cripples
economic and social structures (Makgetla & Patel, 2021; Hendrickse,
2022). Simultaneously, however, limited GSCM practices signify the lack of
awareness, policy support, and financial investment in environment-friendly
industrial approaches (Lin et al., 2020).

The Inga 3 Hydropower Project presents a viable alternative, capable
of providing renewable energy to South Africa and its adjacent nations.
Nonetheless, its incorporation into the national electrical grid faces
obstacles related to financial, logistical, and political factors, which
encompass limitations in infrastructure as well as apprehensions regarding
environmental sustainability (Scherer & en la Globalitzacio, 2021; Zahar,
2023). This research examines the obstacles present and suggests a
comprehensive strategy that integrates renewable energy production with
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sustainable supply chain methodologies, with the objective of holistically
tackling the energy crisis in South Africa.

Objectives

The objectives of the present study are to:

1. Assess the feasibility and viability of developing the Inga 3 Hydropower
Project inside South Africa’s national grid.

2. Analyze issues and benefits that refer to the adoption of green supply
chains in South Africa.

LITERATURE REVIEW

Power Shortages in South Africa

The energy issues faced by South Africa arise from outdated infrastructure,
inadequate capacity expansion, and operational inefficiencies (Makgetla &
Patel, 2021). Load shedding severely affects industries, especially those
in mining and manufacturing, which depend significantly on electricity.
The crisis is intensified by the environmental ramifications of reliance
on coal, underscoring the necessity for a shift towards renewable energy
sources (Farghali et al., 2023). Studies emphasize the economic and
social ramifications associated with power shortages, such as diminished
productivity and heightened inequality (Trevor & Patrick, 2020).

The Inga 3 Hydropower Initiative

The Inga 3 Hydropower Project constitutes a segment of the expansive Inga
Dam complex, which possesses the capability to produce 40,000 MW of
renewable energy (Kenfack et al., 2021). Specifically, Inga 3 is anticipated to
provide 4,215 MW, a considerable fraction of which is designated for South
Africa. This initiative has the potential to mitigate the energy shortfall in the
nation and enhance regional energy security (Song et al., 2020). Nevertheless,
obstacles to its execution are notably posed by challenges including financial
limitations, political uncertainty, and environmental issues (Scherer &
en la Globalitzacio, 2021).

Sustainable Supply Chains

Green Supply Chain Management (GSCM) focuses on mitigating
environmental effects by implementing sustainable practices throughout
the supply chain, which encompasses waste reduction, energy efficiency,
and the utilization of renewable energy sources (Kalpande & Toke, 2021).
Studies indicate that the integration of GSCM can lead to improvements
in organizational performance, cost reductions, and advancements in
environmental sustainability (Borazon et al., 2022). Nevertheless, in South
Africa, the uptake of GSCM is constrained by financial and institutional
challenges, underscoring the necessity for policy interventions and active
participation from stakeholders (Lin et al., 2020).
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Integration of Inga 3 and GSCM

The Inga 3 Hydropower Project coupled with GSCM practices presents a
holistic approach toward addressing the energy and sustainability challenges
faced by South Africa. This could be jointly capable of reducing the carbon
footprint, optimizing resource use, and improving economic and social
outcomes (Xu et al., 2023). However, in real life, such a goal would require
overcoming regulatory hurdles, financial constraints, and technical barriers
besides consistency with national energy and industrial policies (Zahar, 2023;
Tidemann et al., 2022).

METHODOLOGY

The present study thus undertook a structured and holistic analysis to study
the feasibility of integrating the Inga 3 Hydropower Project into the South
African national grid and possible development of green value chains within
the country’s energy sector. The proposed approach consists of four major
components, as highlighted below.

Empirical Studies

It examined international effective cases of hydropower integration and
implementation of green supply chains. The case studies provided a
very useful insight into real benefits and challenges of similar initiatives
considering its socio-economic and environmental impacts. The lesson
drawing from these examples is tested for relevance to the South African
situation and provided a base to appraise the feasibility of the proposed
Interventions.

Data Gathering

In carrying out data collection, the approach was mixed-methods:
questionnaires and semi-structured interviews. Both quantitative and
qualitative data were obtained through the distribution of questionnaires
among government officials, industry leaders, representatives of
environmental organizations, and community members. Semi-structured
interviews explored in detail specific issues and opportunities related to the
integration of hydropower and green supply chains in South Africa. This
comprehensive approach to data collection enabled an extensive perception
of stakeholder perspectives and relevant context variables.

Data Analysis

The data collected had to undergo elaborate statistical processes to
interpolate apparent patterns, correlations, and possible implications.
Quantitative and qualitative data were analysed to reach a decision on the
viability of inclusion of the Inga 3 Hydropower Project into the national grid
of South Africa and how green supply chain practices could be adopted in
the different sectors of industries. Findings from the foregoing analysis were
used to make actionable insights and recommendations.
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Simulation Modelling

A model was developed which simulated various results of integrating
environmentally sustainable supply chains into the Inga 3 Hydropower
Project. The system dynamics were utilized in developing and validating the
model. An extensive range of sensitivity tests was also performed in which
scenario-based results highlight the ways of energy integration optimally.
These findings informed the bases for policy recommendations on how
best to maximize benefits arising from renewable energy and sustainable
supply chain practices in South Africa. Figure 1: Integration into sustainable
value chains through linked processes and expected results of the Inga 3
Hydropower Project.

INGA 3 HYDROPOWER GENERATION

Figure 1: Flowchart of proposed integration of Inga 3 Hydropower with green supply
chains.

The Inga 3 Hydropower Generation facility was the most ambitious
undertaking yet to harness the potential of the Congo River. According to
engineering appraisals and feasibility studies from experts and organizations
dealing with the project, it was envisioned to provide an environmentally
friendly energy supply to the DRC, South Africa and regional area with a
maximum capacity of 11,000 MW and minimum generation of 4,800 M'W.

Daily Production Schedule

The production at Inga 3 was based on a triangular distribution with a
minimum capacity of 4,800 MW as the lowest expected during the moments
of low water flow or maintenance. The mode capacity was 9,000 MW,
which was a fair estimate during average peak operational conditions. The
maximum capacity was 11,000 MW, its designed capacity under optimum
conditions.

Electricity Distribution System

The power was consequently passed through an integrated six-department
system that was focused on renewable energy distribution and sustainability
practices. Its allocation was shared as follows:

« South Africa: 55%
« Local Use in the DRC: 25%
« Neighbouring Countries: 20%
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These percentage allocations were based on regional demand forecasts and
agreements for energy exports.

Processing Requirements

Each path where energy was passed for its processing had its requirement
in terms of hours of processing requirement, which was modelled using
triangular distribution as shown below; the distribution of electricity from
the Inga 3 Hydropower Project is summarized in Table 1, which outlines
the allocation percentages and processing requirements for South Africa, the
DRC, and neighbouring countries.

Table 1: Electricity distribution and processing requirements for Inga 3 Hydropower

project.
Pathway % Allocation Hydropower Energy Green Supply  Economic
Generation  Distribution Chains Impact
(hours) (hours) (hours) (hours)
South Africa 55% 1.5,2.0,2.5 2.0,2.5,3.0 1.0,1.5,2.0 1.8,2.3,2.8
Local Use in 25% 1.2,1.8,24 1.5,2.0,2.6 13,1.7,21 1.0,1.4,1.8
the DRC
Neighbouring 20% 0.8,1.2,1.6 1.1,1.5,1.9 09,1.3,1.7 1.3,1.7,2.1
Countries

Note: Processing times are derived from operational efficiencies of
comparable hydropower projects (Kenfack et al., 2021; Song et al.,
2020).

These processing times are realistic estimates derived from operational
efficiencies from similar plants. Transfer times from the hydropower station
to the Energy Distribution department and other inter-department transfers
and final stakeholder engagements are triangularly distributed with the
following parameters.

« Minimum time: 0.8 hours
« Mode Time: 1.0 hours
« Maximum Time: 1.5 hours

These were informed by the general transfer times recorded in big energy
projects. The simulation was done running the model for 30,000 hours in
order to capture the steady-state results and scenario-specific outputs that
are given below.

« Opverall System Cycle Time: Time taken to generate electricity and
subsequently engage the stakeholders.

. Utilization Rates: The operational efficiency within every department.

« Economic Impact Indicators: Number of jobs that have been created and
overall economic development.

« Environmental Performance: It reduces CO2 emissions.
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Figure 2: Arena proposed integration of Inga 3 Hydropower with green supply chains.

RESULTS AND DISCUSSION

Numerical Results

Simulation outputs were obtained on the energy generation and distribution
system under study for the integration of the Inga 3 Hydropower Project to
the national grid of South Africa. These results indicate a much more stable
energy system, with a reduction in blackout events by up to 40%. This is
reasonable since hydropower gives a stable and reliable output compared to
the variability and reliability issues faced by coal-fired plants.

System Cycle Time

« South Africa: 16.2 hours average, between 11.9-40.2 hours.

« Neighbouring countries: 14.7 hours average, between 9.7-38.7 hours.
« DRC (local use): 15.0 hours average, between 10.9-40.0 hours.

Some targeted interventions in South Africa and DRC can be made for
delays that dilute the efficiency of the system. Installation of 4,215 MW from
Inga 3 will flatten the curve of energy demand, which would further reduce
dependence on coal and minimize risks of power deficit.

Utilization Rates

« Economic Impact Processes: 64.1%

« Hydropower Generation: 58.7%

« Green Supply Chain Processes: 49.6%
« Energy Distribution: 71.6%

Economic Impact Indicators

« Creation of 9,859 jobs, indicating significant opportunities to employ
people.

« The overall development of an economy is triggered by better energy
distribution.

Environmental Performance: While CO2 emissions were not measured
directly, decreased waiting times and improved operational efficiency suggest
that emissions were lowered by reducing waste.

Resilience Assessments: The system proved resilient to extreme weather
and changing hydrological conditions; Inga 3 showed stable output even in
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periods of low water. This stability increases the reliability of energy and
decreases potential climate-induced instability.

Graphical Results

Some of the long-term effects of integrating Inga 3 are shown in the figures
below.

. Figure 3: The forecast of energy production at Inga 3 over the next decade
shows a ramp-up in the beginning to full integration by 2030, followed
by steady-state production. This projection highlights the facility’s role
in meeting South Africa’s growing electricity demand and stabilizing the
national grid.

. Figure 4 presents the projection for greenhouse gas emission reductions in
South Africa’s transition from coal-based power generation to renewable
hydropower. This change is expected to be in line with the national goals
on climate change; therefore, energy sector emissions could be reduced
by a total of 35%, based on the first decade of its operationalization.

. Figure 5: Annual energy consumption and production in scenarios with
and without Inga 3: Notice the wide-ranging benefits that accrue with
the inclusion of Inga 3: reduced need for both electricity and fossil fuel
imports lead to a greener and cleaner energy environment for the country.
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Figure 3: The forecast of energy production at Inga 3 and electricity demand in South
Africa.
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Figure 4: The anticipated reduction of greenhouse gas emissions with hydropower
transition.
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Figure 5: The annual fluctuation consumption and production.

Proposed Improvements

The Inga 3 Hydropower Project offers excellent potentiality in terms of
energy supply and sustainability. However, further actions can be taken to
enhance the value of this resource.

1. Grid Infrastructure Enhancements

« Transmission Expansion: Upgraded and expanded transmission lines
should be established to ensure efficiency in energy delivery with minimal
losses.

. Energy Storage: Investment in advanced storage systems, such as large-
scale batteries, to smoothen supply by storing surplus energy when
demand is at its peak.

2. Green Supply Chain Integration

« Sustainable Manufacturing: Renewable energy, waste reduction, and
resource efficiency must be encouraged in industrial processes.

. Optimized Logistics: Supply chain efficiency can be enhanced with
energy-saving vehicles and route optimization to reduce emissions.

3. Policy and Regulatory Support

« Tax Incentives & Subsidies: Available financial benefits encourage
renewable energy and green practices.

. Energy Efficiency Standards: Regulations are laid down to ensure
sustainable industrial operations.

« Public-Private Partnerships: The required expertise and long-term
funding from the private sector should be leveraged.

Validation

The proposed solutions of integrating the Inga 3 Hydropower Project and
green supply chains have been extensively validated by both simulation
models and statistical analysis. The validation methodologies ensure that
proposed solutions will be feasible and highly beneficial for the scenarios
concerned at:

« Sensitivity Analysis: This analysis examines the impact of variations in
input parameters-for example, in hydropower generation and electricity
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demand-on general performance. Overall, the results of the study are
summarized below:

. Inga 3, under changing circumstances, would remain a steadfast,
dependable source of electricity.

. Confirmation of the strength of the solution proposed: The model can
hold its own under all the differing scenarios which have been simulated
in this project. 2. Scenario Testing

« Various operational scenarios that have been modeled include the low-
water and high-energy-demand period in order to validate the robustness
of the power grid with the integration of Inga 3. The highlights of the
results obtained are listed below:

. Inga 3 integration will greatly reduce the risk of blackout occurrence.

« Energy distribution efficiency through the grid is improved during
unfavorable conditions.

CONCLUSION

The energy crisis in South Africa is both a great challenge and a
transformative opportunity. This paper highlights two major solutions: the
Inga 3 Hydropower Project and green supply chain management practices.
Together, they offer a pathway to address energy shortages, reduce coal
dependency, and sustainably meet the nation’s increasing energy demands.

The Inga 3 Hydropower Project can stabilize the grid, mitigating the
effects of load shedding on the economy. Meanwhile, green supply chains
can improve resource efficiency, increase industrial productivity, and decrease
carbon emissions. Realizing these outcomes needs to overcome infrastructure
and financial challenges, implement strong policies, and foster stakeholder
collaboration.

Strategic investment in advanced energy storage, modernization of the
grid, and sustainable practices—along with public-private partnerships—are
critical to achieving these goals. Together, these initiatives hold the promise
of secure energy, economic growth, and environmental sustainability for
South Africa, transforming the country’s energy landscape. Policymakers and
stakeholders need to seize this opportunity to build a resilient and greener
future for South Africa.
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