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ABSTRACT

This thesis explores sustainable engineering solutions for Zimbabwe's energy and
infrastructure, employing critical realism, mixed-methods research, and systems thinking.
A central hypothesis is that “through synergistically linking sustainable engineering
solutions and strategic policy interventions, besides public-private partnerships cooperation,
much can be done in Zimbabwe to improve energy resilience and sustainability”. In addition,
the research found that investments in modern grid technology or regulatory incentives are

crucial for removing barriers to the current levels of energy sustainability.
Key findings include:

e Grid Modernization and Renewable Energy Integration: Investments in smart
grids and renewable sources can stabilise Zimbabwe’s energy sector.

o Policy-Driven Incentives: Aligning regulations with international sustainability
standards fosters investment in sustainable solutions.

e Public-Private Partnerships (PPPs): Collaboration among stakeholders is
essential for financing large-scale energy projects.

o Implementation Challenges: Existing sustainability policies face gaps in

enforcement and funding, which impede progress.

The study develops a conceptual model linking policy design to real-world implementation,
validating the hypothesis. It concludes with recommendations for enhancing Zimbabwe’s
energy resilience through smart grids, circular economy principles, and institutional
capacity-building, providing a roadmap for long-term sustainability in Africa’s energy sector.
The thesis concluded that these factors are the prerequisites for a just energy transition
towards attaining net zero by 2050 for Zimbabwe. The thesis revealed that Africa faces
significant challenges in sustainable energy and infrastructure development, particularly in
Zimbabwe, which is hindered by an ageing power grid and limited renewable technology

adoption.

Keywords: Sustainable Engineering, Energy Infrastructure, Renewable Energy, Critical
Realism, Zimbabwe, Just Energy Transition, Public-Private Partnerships, Smart Grids,

Sustainable Development Goals.
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CHAPTER 1 - INTRODUCTION

1.1 Introduction

Despite significant advances, Africa's energy and infrastructure issues remain substantial obstacles
to sustainable development. In the face of ever-greater industrialisation and urbanisation—along
with older forms of supplying both the physical inputs and fossil fuel power, especially coal—this
is cause for concern. The paper explores engineering solutions to these issues, both inside and out,
using critical realist concepts to evaluate systemic barriers and opportunities in attaining

sustainable change.

Zimbabwe's energy landscape mirrors that of the rest of Sub-Saharan Africa in its systematic
inefficiency. Although the nation abounds in renewable energy resources (solar, hydroelectric
dams, and wind (still to be proven)), coal and hydropower maintain a firm grip on their energy
systems. Regular blackouts, old utility systems and policy conflicts worsen the power deficit, thus
impeding Zimbabwean factories from producing more goods for export or keeping prices low

enough to match imported substitutes; this knocks on into agriculture and other sectors.

The urgent need to transform sustainable development practices requires strategic policy guidance,
such as investment in renewable energy projects and policy reforms. It also requires technological
support through Fourth Industrial Revolution (4IR) technologies like the Internet of Things (IoT),

Al-driven smart grids, blockchain energy trading, virtual reality, nanotechnology and advanced



Battery energy storage systems (BESS). The present study takes an interdisciplinary approach,

combining qualitative and quantitative techniques to seek evidence-based policies.

Energy and infrastructure lie at the core of sustainable development. Most African countries,
including Zimbabwe, suffer from a vicious circle in which power shortages, obsolete installations
that are no longer working, and regulatory obstructions make growth towards sustainable

development retreat instead (African Development Bank, 2022).

The journey to reliable, inexpensive and sustainable energy is a key driving force for
industrialisation, employment generation and poverty reduction. It is a common cause that
Sustainable energy systems are consistent with various sustainable development goals, including
the United Nations Sustainable Development Goal (SDG) 7 on "affordable and clean energy" and

Agenda 2063 (United Nations, 2023; African Union, 2023).

A quick scan of Zimbabwe's energy mix shows it significantly depends on coal (60%) and
hydropower (40%) (ZESA,2024). Contributions from renewable sources such as solar, wind and
biomass were to begin with nominal. The country's omnipresent power cuts shave up to 6 hours
daily off all outdoor working hours for factories, companies or households (Mukonza, Mbohwa,
2023). However, the nation's energy infrastructure is rapidly ageing, and strained public finances
limit its ability to modernise and expand electricity generating capacity (World Bank, 2023). In
addition, costs for private electricity generation are high. Diesel generators supplied at significant

cost will thereby also increase the operating costs of enterprises and industries (Nyoni et al., 2020).



With climate change a pressing issue and an international demand to move towards net zero
emissions, Zimbabwe must turn to perennial energy sources in the future: sun, wind or waste oils
that are buried by atomic energy (IEA, 2022). However, poor policy implementation, lack of
incentives for investment, and a shortage of technical personnel have been obstacles to progress
(Muchapondwa, 2021). Although regional energy integration via the Southern African Power Pool
(SAPP) offers opportunities for cross-border electricity trading, Zimbabwe's unstable grid and

severe transmission losses still constitute a major stumbling block (SADC, 2022).

The paper endeavours to discuss the engineering solutions that could provide a sustainable future
for Zimbabwe in its energy supply and infrastructure development, using critical realism theory as
its theoretical basis. In answer, it hopes to offer practical and instructive advice for Zimbabwe's
energy transformation by looking at the obstacles in the road, holes that have caused failures
elsewhere, and what is already being done with promising results. The study will apply mixed
methods, using quantitative analysis (e.g. regression modelling in SPSS) and qualitative
techniques (e.g. NVivo to code themes or The Delphi method for experts' consensus) to assess the

feasibility of sustainable solutions.

The results will have an impact on policy recommendations, infrastructure modernisation
strategies, and how Fourth Industrial Revolution (4IR) technologies are integrated into the grid-
such as Al-driven investing for energy blockchain-based trading of power Building Information
Modelling (BIM) in infrastructure design (Chari & Nyoni, 2023) The research findings are in line

with Zimbabwe’s national energy strategies, the SADC member state targets, and international



climate agreements and provide a pathway for the country to make a sustainable transition while

taking into account economic, environmental and social needs.

1.2 Electricity Sector Background

Electricity access in Zimbabwe is currently at 62% (Zim Stats, 2022 Census), primarily from coal
at 60%, followed by hydropower at 40%, with renewable energy sources still behind at 3%. The
primary energy sources are fuel wood at 61%, coal at 8%, liquid fuels at 18% and electricity at
13%. (MoEPD, 2024). In the last few years, Zimbabwe has seen growth in investment by IPPs,
mainly in renewable energy technologies, particularly solar and small hydropower. Zimbabwe is
running with the mantra Vision 2030 to attain an empowered upper-middle-income society by
2030.

Energy is an economic enabler, and the Ministry of Energy and Power Development, guided by
Vision 2030, has devised strategies to ensure the attainment of the vision and increase access to
modern energy. The country aims to achieve an installed renewable energy capacity of 16.5% of
the total electricity supply by 2025. The national electricity utility must also conduct grid stability

studies as more renewables increase in the energy mix.

Solar & Wind

Imports Hydropower

Coal

Figure 1- Zimbabwe's Energy Mix (ZPC,2023)



In the NDS1-2 and Vision 2030, the quality of infrastructure in an economy, in turn, reflects on
people's living standards. It has a significant bearing on sustainable long-term economic
development. Central to this is electricity generation—a prime pillar in all such areas as a nation's
economic prosperity, food production, and the environment. The electricity facilities have

deteriorated, so ZESA Holdings can no longer fulfil its mandate of providing power for the nation.

Building sustainable engineering solutions is essential to moving Zimbabwe towards a low-carbon,
resilient energy system that can sustain its economy (Mukonza & Mbohwa, 2023). SDG7’s three
pillars—universal access, doubling the share of energy efficiency, and a substantial increase in the

proportion of renewable energy—should be the underlying strategy for our world.

The energy sector is most directly responsible for local development and the health and well-being
of people across different countries. However, an energy-poor continent such as Africa must
balance access to modern forms of energy with its economic well-being through an aggressive

energy transformation programme.

A global review of successful energy policies and practices has revealed a focus on the following
areas:

e Climate Change Mitigation and Adaptation.

e Energy Transition, Carbon Neutrality and Net Zero.

e Energy Poverty and Access Issues.

e Renewable and Green Energy.

e Battery Energy Storage Systems (BESS).

e Generation, Transmission and Supply of Safe, Reliable, Affordable and Sustainable

Energy.
e Demand Side Management, Energy Efficiency.

e Finance For Energy Projects.



The above Energy principles and goals include the principles of any city or country's energy policy
and implementation method. The direction of these may be influenced by the 17. SDG 7 is critical

in this regard. (WFEO GECO Conference Proceedings,2024).

As depicted in the NDS1-2 and Vision 2030, the quality of infrastructure in an economy measures
the quality of life of a country's citizens. It has an important bearing on sustainable long-term
economic growth. Electricity is a key pillar and central to such issues as economic growth, food
production, climate change, and ecosystem preservation. The deterioration of the electricity
infrastructure incapacitated ZESA Holdings from delivering on its mandate of providing electricity

to the nation.

1.3  Importance of the Study

The demand for sustainable energy solutions is critical for Africa’s energy security and
infrastructure development (IEA, 2022). Like other sub-Saharan nations, Zimbabwe faces energy
poverty, outdated infrastructure, and policy inconsistencies, which hinder economic growth and
sustainable industrialisation (African Development Bank, 2023). A Study by Muchapondwa
(2021) indicates that 80% of Zimbabwe’s population lacks access to reliable electricity, and grid

failures have led to annual GDP losses of 3-4%.

Developing sustainable engineering solutions is essential for transitioning Zimbabwe towards a
low-carbon, resilient energy system while ensuring economic viability (Mukonza & Mbohwa,
2023). This study provides an evidence-based approach, leveraging critical realism, mixed-

methods research, and case studies to explore innovative solutions.

The energy SDG (7) has three pillars—universal access, doubling the share of energy efficiency,
and a substantial increase in the share of renewable energy—which are the backbone of our shared

global strategy to secure an inclusive, prosperous, and sustainable future for all.

The Zimbabwe electricity supply industry (ZESI) is crucial for socio-economic development. As

an energy-poor region, Africa must balance economic growth with access to modern sustainable



energy forms through a just and equitable energy transition. Harare Metropolitan City Area needs

a robust Energy Plan to meet the ambitious Sunshine City status.

Net-zero transitional pathways in Africa should reflect local resources, viable development paths,
and other local-specific requirements. The energy deficit needs to be contextualised, and solutions
should be tailored for Zimbabwe to accelerate renewable energy based on each country's specific
needs and resources. Therefore, collaboration, political commitment, and long-term planning are
essential to successfully transitioning to clean and sustainable energy in Africa. The just energy
transition hinged on net-zero obligations, carbon neutrality pathways, and policies and institutional
frameworks for energy efficiency and sufficiency to eliminate energy poverty should be the

pathway to follow.

1.3.1 The Need for Net-Zero and Just Energy Transition in Africa

Agenda 2063 and the Paris Agreement emphasised that achieving net-zero emissions and a just
energy transition is a priority for Africa (UNEP, 2023). Zimbabwe’s reliance on coal (60%) and
hydro (40%) presents both environmental concerns and energy insecurity risks due to climate

change and lack of support by green financiers (SADC Energy Report, 2022).

Empirical studies highlight that Africa contributes only about 4% to global emissions but is among
the most vulnerable regions to climate change impacts (IPCC, 2022). The sustainable energy
frameworks, including solar, wind, hydro, geothermal, and smart grids, ensure energy equity and

resilience (World Bank, 2023).

1.3.1.1 Sustainable Energy Systems for Africa

Sustainable energy systems integrate renewable sources, modern grid technologies, and energy-
efficient infrastructure to reduce carbon footprints and enhance energy access (Chari & Nyoni,

2023). Key solutions include:

. Decentralised microgrids (Moyo, 2022)
. Hybrid renewable energy systems (Kamoyo & Chigumira, 2021)
. Smart grids and Al-driven energy management (Nyoni et al., 2020)



Countries like South Africa, Kenya, Zambia and Ghana have successfully adopted public-private
partnerships (PPPs) to enhance energy sustainability, serving as models for Zimbabwe

(Muchapondwa, 2021).

1.3.1.2  Energy is a critical ingredient for the Achievement of all SDGs

A global scan of successful energy plans and policies has shown the following focus:

. Climate Change Mitigation and Adaptation.

. Energy Transition, Carbon Neutrality and Net Zero.

. Energy Poverty and Access Issues.

. Renewable and Green Energy.

. Battery Energy Storage Systems (BESS).

. Generation, Transmission and Distribution of Safe, Sound, Affordable and Sustainable
Energy.

. Demand Side Management, Energy Efficiency and Conservation.

. Energy Projects Financing.

The above Energy fundamentals involve the principles and goals of any city or country's energy
plans, policies, and implementation methods. The 17 Sustainable Development Goals (especially

SDG 7) mainly guide these (WFEO GECO Conference Proceedings (Manuhwa)2024)).

The claim that energy systems are the engine of economic and social development does not need
any algorithm to prove its validity or any evidence portfolio to back it up, as the absence of
electricity means there is no civilisation. It is a fact that the Sustainable Development Goals
(SDGs) are a universal call to action to end poverty, protect the planet, and ensure that everyone
enjoys peace and prosperity. Goal 7 aims to "Ensure access to affordable, reliable, sustainable and
modern energy for all. Indeed, additionally, access to energy directly correlates to the HDI (Human

Development Index).



1.3.2 Global & Regional Frameworks

1.3.2.1 Sustainable Development Goals (SDGs)

The United Nations Sustainable Development Goals are a blueprint to achieve a better and more

sustainable future. They address the global challenges we face:

. poverty,

. inequality,

. climate,

. environmental degradation,
. prosperity, and

. peace and justice.
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Figure 2 - SDG 7 at the Centre of all Goals Source — (GECO, 2024).



Goal 7 ensures affordable, reliable, sustainable, and modern energy (UNDP, 2023). Zimbabwe’s

progress towards UN SDG 7 has been slow, with only 42% rural electrification and high

dependency on fossil fuels (African Development Bank, 2022).
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1.3.2.2 The Industrialization Strategy & Roadmap for SADC

The Industrialization Strategy & Roadmap for SADC emphasises regional energy integration,

renewable energy investments, and infrastructure modernisation (SADC, 2022). Zimbabwe’s

involvement in SAPP provides opportunities for cross-border energy trade (Mukonza & Mbohwa,

2023).
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1.3.2.3 The AU Agenda 2063 for the Africa we want

The AU 2063 framework for Africa we want promotes infrastructure resilience, energy access,
and sustainable industrialisation (AU, 2023). Zimbabwe must align national policies with regional

targets to accelerate its energy transition (Muchapondwa, 2021).

1.4 Problem Statement

Zimbabwe faces an energy crisis marked by unreliable power supply, financial constraints, and
regulatory challenges (Nyoni et al., 2020). Despite abundant solar and hydropower resources,

policy bottlenecks and lack of investments hinder progress (Moyo, 2022). This study seeks to:

1. Identify barriers to sustainable energy adoption.
ii. Evaluate the impact of policy frameworks and governance.
iii. Propose engineering innovations for sustainable infrastructure development.

1.5 Research Questions & Objectives
1.5.1 Research Questions

This thesis explores the following research questions:

i.  What are the barriers to sustainable energy development, and what sustainable engineering
solutions do you propose to end energy poverty, unreliable power, and limited green energy
in Zimbabwe?

ii.  How do policy frameworks and governance influence the energy transition?
iii. ~ Whatrole can industrial 4IR and Engineering Innovations (Al IoT, VR, BIM, Smart Grids)
play in optimising energy infrastructure?

iv.  What policies do you recommend implementing to enhance energy security and resilience?

11



1.5.2 Objectives

This study has set the following research objectives:
1.  Assess the current energy landscape in Zimbabwe.
ii.  Identify policy challenges and investment barriers.
iii.  Evaluate engineering innovations and solutions for sustainable energy.
iv.  Develop a conceptual model based on critical realism methodology to address energy
poverty, sustainable development, net zero pathways and the achievement of SDG 7 in

Zimbabwe.

1.5.3 Hypothesis

This study tests the hypothesis that:

"Policy inefficiencies and financial constraints are the primary barriers to Zimbabwe’s sustainable
energy transition. Implementing a hybrid energy model (solar, wind, hydro, clean coal, nuclear,
battery storage systems) integrated with Al-driven smart grids will significantly enhance energy

security."

The thesis further breaks this Hypothesis into 5 in line with the Critical Realism Paradigm.

i. Hypothesis 1: Policy Effectiveness and Energy Sustainability

H,: There is no significant relationship between policy effectiveness and energy

sustainability.

Hi: Policy Effectiveness Enhances Energy Sustainability

12



ii.

iii.

iv.

Hypothesis 2: Renewable Energy Investment and Grid Stability

Ho: Investment in renewable energy does not improve grid stability.

Ha: Higher renewable energy investments enhance grid reliability

Hypothesis 3: AI-Driven Smart Grid Integration and Energy Efficiency

Ho: Al-driven smart grids do not significantly optimise energy distribution.

Hs: Al-driven technologies enhance grid efficiency and reliability.

Hypothesis 4: Public vs. Private Sector Investment Efficiency

Ho: Public and private sector investments in energy yield the same sustainability

returns.

Ha: Private sector investments generate higher sustainability returns than public sector

investments.

Hypothesis 5: AI-Driven Energy Transition and Economic Growth

Ho: Al-driven energy policies do not contribute to long-term economic growth.

Hs: Al-driven energy policies significantly enhance economic growth.

13



1.6  Justification of the Study

This study contributes to:

1.

ii.

iil.

1.7

Policy and governance: Providing data-driven recommendations for energy policy
reforms.

Engineering innovations: Enhancing the role of the fourth industrial revolution (4IR)
technologies in energy infrastructure.

Sustainability and social impact: Improving rural electrification to reduce energy

poverty and economic growth.

Dissertation Structure

The research follows the structure outlined below:

ii.

iil.

1v.

vi.

Introduction: Overview of the study, research questions, and objectives.

Critical Literature Review: Analysis of theoretical frameworks, policy reviews, and
case studies.

Methodology: Mixed-methods approach, critical realism, and data collection
techniques.

Analysis & Results: Empirical findings using SPSS & NVivo.

Discussions & Findings: Interpretation of results.

Conclusions, Recommendations and Areas of Further Study.
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1.8 Conclusion

The chapter provides an overview of the importance of sustainable energy infrastructure in
Zimbabwe and the broader African context. It sets the tone of the research focus and highlights
energy challenges, policy gaps, and the need to transition toward cleaner, more efficient energy
solutions. Zimbabwe's energy scenarios are critical, requiring systemic transformation to align
with global sustainability imperatives and national development goals. This chapter has, therefore,
comprehensively introduced the research problem, underscoring the need for strategic
interventions in energy infrastructure, policy reforms, and technological innovations to achieve a

sustainable, resilient, and economically viable energy sector.

The persistent energy challenges—depicted and manifested through frequent blackouts, reliance
on ageing thermal power plants, and inadequate renewable energy integration—underscore the
structural deficiencies in Zimbabwe’s energy framework. Such challenges are exacerbated by
regulatory constraints, investment bottlenecks, and regional energy dependency, necessitating a

multifaceted approach to energy security.

This critical realism-grounded research postulates that energy transitions are contingent upon
deeper systemic interactions between policy instruments, technological advancements, financial
mechanisms, and socio-political structures. It adopts a mixed-methods approach, leveraging mixed
methodology using quantitative and qualitative data to critically assess the causal relationships

influencing Zimbabwe’s energy sector.
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Zimbabwe’s energy policy frameworks, agreements and policies, such as the National Energy
Policy (2012), Renewable Energy Policy (2020), and regional obligations as in the Southern
African Power Pool (SAPP) agreements, remain fragmented and under-implemented, limiting the
effectiveness of sustainable energy expansion. The lack of strategic policy coherence hinders the
full-scale adoption of renewable energy sources such as solar, wind, and hydroelectric power. At
the same time, the country’s risk, political brick, and the absence of robust investment incentives

constrain private sector participation.

From a regional and global perspective, Zimbabwe’s energy transition must align with Sustainable
Development Goal 7 (Affordable and Clean Energy) and the Paris Agreement’s climate
commitments, as well as global and homegrown aspirations such as NDS1-2, Vision 2030, SADC
Energy PROTOCOL, and AU Agenda 2063.These intentions are signals for transitioning from
fossil fuel dependency toward net-zero energy strategies, leveraging green financing mechanisms,

digital energy solutions, and grid modernisation efforts.

The subsequent chapters of this study will delve deeper into the critical literature, critical realism
methodological frameworks, empirical analysis, and policy recommendations, systematically
addressing the core research questions. By bridging theoretical paradigms with practical energy
solutions, this research aims to add significantly to the body of knowledge and humbly contribute
to scholarly discourse on sustainable energy transitions in developing economies while providing

policy-relevant insights for Zimbabwe’s energy future.
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Ultimately, this dissertation posits that Zimbabwe’s energy sustainability cannot be possible in
piecemeal and isolated technological or policy measures alone but rather through an integrated
systems approach that synthesises policy coherence, technological advancements, financial
innovation, and regional energy cooperation. This observation sets the foundation for the next
chapter, critically engaging with the existing literature on energy sustainability, infrastructure

development, and strategic energy transitions.
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CHAPTER 2: CRITICAL LITERATURE REVIEW

2.1 Introduction

The literature review delves into key theoretical and empirical contributions to sustainable energy
and infrastructure development. Critical realism is the guiding framework, dissecting Zimbabwe’s

energy crisis into three ontological layers: empirical, actual, and accurate.

The study reviewed comparative literature from Ghana, Kenya, and Morocco to provide insights
into successful policy and technological innovations that Zimbabwe could leverage. It zeroed into
South Africa’s Renewable Energy Independent Power Producer Procurement Programme
(REIPPPP), a reference to a successful public-private partnership model in renewable energy

development.

In addition, focus was placed on demand-side management (DSM) and its role in optimising
energy consumption. Several case studies from the United States, China, and South Africa
illustrate how DSM initiatives have reduced peak demand and improved grid stability. A thorough
literature review is crucial to understanding the energy sector in Zimbabwe, SADC, and Africa

and developing frameworks for sustainable energy solutions.

This chapter explores critical realism, Sustainable Development Goal (SDG) 7, Zimbabwe’s
energy policies, infrastructure development, virtual power stations, demand-side management,
energy efficiency, battery energy storage systems (BESS), renewable energy, nuclear energy, and

energy poverty. It identifies literature gaps and evaluates global best practices in energy

18



sustainability. It creates a conceptual framework based on the author’s analysis and the lens of
critical realism to recommend a green and sustainable future that meets the demands of a just

energy transition towards net zero.

The biggest takeaway was that the sustainability and modernisation of Zimbabwe’s energy
infrastructure require a comprehensive approach integrating renewable energy, advanced energy
storage, digital technologies, hydrogen fuel innovations, Al-driven solutions, and climate
financing mechanisms. The envisaged transition from fossil-fuel-dependent power systems,
especially given that Zimbabwe's base load is from the Hwange (stage 1 to 6) coupled with the
Hwange Expansion (7 & 8) to clean energy sources, is a global priority aligned with Sustainable
Development Goal (SDG) 7, which promotes affordable and clean energy access for all (United

Nations, 2023).

Despite Zimbabwe’s vast solar, wind, and mini-hydro potential, its ageing infrastructure, policy
inefficiencies, and financial constraints hinder progress (Mukonza & Mbohwa, 2023). This chapter
critically examines theoretical frameworks, policy landscapes, energy technology innovations, and
case studies from leading energy markets, identifying best practices for Zimbabwe’s energy

transition.

Critical realism asserts that social and technical systems are shaped by deep, often unobservable

structures, meaning that quantitative results must be interpreted about contextual mechanisms

(Bhaskar, 1978). In this study, hypothesis testing is integrated with critical realism to assess how

19



policy, investment, and technology interact within Zimbabwe’s energy sector, recognising the role

of institutional, regulatory, and socio-economic barriers that may moderate outcomes.

Empirical Layer
Observable energy challenges: blackouts, aging power plants, weak grid perfofmance,

|

Actual Layer
Systemic inefficiendies: poliy implementation falures, investment shortfalls, outdated reglatory framemworks,

Deeper | nerti.

Figure 4 — Critical Realism and Energy Transition — Author’s (Bhaskar (2008)).
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Figure 4 above shows the Critical Realism and Energy Transition diagram based on Bhaskar’s
framework. It illustrates the three layers of analysis (Empirical, Actual, and Real) and their

relationship to energy policies, infrastructure challenges, and sustainability goals in Zimbabwe.

Conceptual Framework for Energy Sustainability in Zimbabwe

EnerL?extChallen es

* Freq Power Outages
e High Electricity Costs
e Aging Infrastructure

e Paolicv Gaps
24 ™

I

Sustainability Goals
* SDG 7 Compliance
* Net-Zero Transition
* Renewable Energy Expansion

I

Policy & Regulation
* National Energy Policy (2012)
* Renewable Energy Policy (2020)
* SAPP Integration

I

Technolo%ical Innovations
*Smart Grids

¢ Al & Digital Solutions
* Battery Storage (BESS)

e Hyvdroaen Technology
P4 =4 =

I

Investment Strategies
e Public-Private Partnerships
e Climate Finance & Bonds
* Regional Cooperation

Figure 5 - Conceptual Model for Energy Sustainability in Zimbabwe — Author’s research framework.
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As derived from the literature, the Conceptual Model for Energy Sustainability in Zimbabwe
illustrates the key relationships between energy challenges, sustainability goals, policies,
technological innovations, and investment strategies. This model presents a rigorous academic
visualisation of energy challenges, sustainability goals, policy frameworks, technological

innovations, and investment strategies.

2.2 Critical Realism Perspective: Sustainable Energy Engineering Solutions for
Energy.

The research wears a Critical Realism (CR) lens that hinges on a philosophical approach to

understanding science and research that bridges the gap between positivism (which focuses on

observable, measurable phenomena) and interpretivism (which emphasises understanding

meaning and human experience). The CR philosophy was developed primarily by Roy Bhaskar in

the 1970s and has become influential in social sciences, including sustainability, engineering,

health, and education research.

2.2.1 Core Principles of Critical Realism
The diagram below depicts the architecture and process flow of a critical realism approach

concerning the study of sustainable energy development.
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THE REAL

* Deep structures
¢ Generative mechanisms
« Causal powers
*Often un:*zservable*

(e.g., policy failures, investment constraints, governance structures)

(THE ACTUALJ

» Events fhat occur
» Outcomes produded by mechanisms

*May or may n¢t be observed*

(e.g., power blackouts, proj®ct delays, funding changes)

[THE EMPIRICAL]

« Experiences
* Observations
¢ Measurements
*What researchers & stakeholders can record*

(e.g., survey data, load-shedding reports, stakeholder interviews)

Figure 6 - Critical Realism Architecture for Research in Sustainable Energy for Zimbabwe
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a) Reality Exists Independently

ii.

It is a fact that the real world exists independently of our perceptions, theories, or
constructions.
This is in deep contrast with social constructionism, which sees knowledge as entirely

constructed.

b) Three Domains of Reality

Bhaskar identifies three ontological domains:

iii.

1v.

The Real— underlying structures, mechanisms, and powers that exist, whether or not they
are observable.
The Actual—- events and phenomena that result from these mechanisms.

The Empirical— experiences and observations that we can measure or describe.

¢) Stratified and Layered Reality

ii.

Reality is not flat; it includes multiple layers — from physical structures to social systems
and human agency.
CR recognises causal mechanisms that might not be directly observable but still have real

effects.

d) Generative Causation

ii.

CR rejects simple cause-and-effect models.
Instead, it focuses on how mechanisms interact in specific contexts to generate outcomes

(often context-dependent).
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e) Transcendental Realism

L

ii.

Researchers ask: What must be valid for this phenomenon to exist or occur?

This encourages going beneath surface appearances to understand deeper causes.

f) Critical Realism in Research Practice

Mixed Methods: CR encourages combining qualitative and quantitative methods to explore

underlying structures and surface patterns.

ii.

iii.

2.2.2

Explanatory Focus: CR seeks to explain why and how things happen rather than just
describing or correlating.

Emphasis on Context: A mechanism may only produce a particular outcome under specific
conditions—context matters.

Reflexivity: Researchers acknowledge their influence on the research process.

Example in the Energy Sector Research

In a study of Zimbabwe’s power shortages, a critical realist approach would:

ii.

iii.

1v.

Recognise the observable problem (load shedding, ageing infrastructure).

Investigate the underlying mechanisms (governance issues, policy failures, investment
shortfalls).

Consider social and political dynamics (elite capture, international donor influence).

Use both statistical data and interviews to triangulate findings.
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2.2.3 Why Use Critical Realism?

The CR route allows for deep analysis of complex social, technical, and economic systems. It is
ideal for policy-oriented research, sustainable development, and sectors where human decisions
interact with physical infrastructure. It also provides a robust philosophical foundation for mixed-

methods research.

We must note that Africa has natural resources to set the context of why it is used in this research.
However, ironically, it faces significant challenges in achieving sustainable energy access and
environmental resilience. Zimbabwe demonstrates and exemplifies this struggle as a substantial
portion of its population lacks access to electricity, and the country is still grappling with energy
deficits. This thesis explores how sustainable energy and engineering solutions for Africa and
Zimbabwe through the lens of critical realism can reverse this resource curse. Critical realism is
an essential philosophical approach that emphasises understanding the underlying mechanisms and
structures driving observable phenomena. By integrating critical realism, this thesis aims to
uncover the root causes of energy challenges and propose actionable solutions grounded in

evidence and context.
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2.2.4 Energy Challenges in Africa and Zimbabwe

2.2.4.1 Africa’s Sustainable Energy Landscape

It is given that Sub-Africa’s sustainable energy challenges are multifaceted. Over 600 million, or
more than half of the continent’s population, lack access to electricity, as asserted by the
International Energy Agency (IEA, 2024). This gruelling energy poverty is exacerbated by limited
infrastructure, reliance on fossil fuels, and underutilisation of renewable energy resources (Nature
Reviews Earth & Environment, 2024). It is observed that despite these challenges, Africa holds
immense potential for renewable energy development, with 30% of the world’s largest mineral
reserves, including 70% of global cobalt deposits, essential for clean energy technologies

(Brookings Institution, 2024).

2.2.4.2 Zimbabwe’s Sustainable Energy Crisis in Perspective

A recent survey by the Zimbabwe Infrastructure Development Group (ZAIDG) (ZAIDG 2024)
noted that Zimbabwe’s sustainable energy crisis is characterised by ageing infrastructure, over-
reliance on hydropower, and frequent power shortages. Another research stated that approximately
40% of the rural population lacks electricity access, and the country’s carbon emissions stood at
14.4 million tons in 2020 (Zim Advocate, 2024). This reliance on hydropower makes the country
particularly vulnerable to climate-induced droughts, further compounding energy insecurity (Zim

Advocate, 2025).
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2.2.5 Ciritical Realism and Energy Solutions

The Critical realism lens provides a framework for understanding the structural and systemic
factors underlying Africa’s and Zimbabwe’s energy challenges. It is a preferred mode of study as
it distinguishes itself by identifying these root causes, and we can propose sustainable and context-

specific solutions.

2.2.6 Structural Challenges

Critical realism factored them in following the structural challenges:
a. Infrastructure Deficits: Sub-Saharan Africa’s energy infrastructure is inadequate to meet
growing demand. It is estimated that Zimbabwe requires an estimated $2 billion investment in

renewable energy projects by 2025 (Zim Advocate, 2024).

b. Policy Inconsistencies: The fragmented and inconsistent energy policies hinder large-scale
renewable energy deployment. Harmonising regional energy policies is essential for

sustainable change in energy delivery in Zimbabwe (Zim Advocate, 2025).

c. Economic Dependencies: Many African nations remain dependent on extractive industries,

limiting their ability to invest in value-added processes such as mineral processing and green

technology manufacturing (Capital Ethiopia, 2024).
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2.2.7 Proposed Solutions

2.2.7.1 Renewable Energy Development

The case study proposes the following solutions:

a. Solar and Wind Energy Deployment: Declining costs for solar photovoltaics (90% decline
since 2009) and wind energy make these technologies viable for Africa. It is postulated that if
all proposed renewable energy projects are implemented, 76% of Africa’s projected electricity

needs for 2040 could be met by renewables (Nature Reviews Earth & Environment, 2024).

b. Bioenergy Potential: Zimbabwe is exploring bioethanol production from sugarcane and
converting agricultural waste into energy. This approach reduces waste and provides a

sustainable energy source for rural communities (Zim Advocate, 2024).

2.2.8 Infrastructure and Policy Reforms

There is a need to institute radical infrastructure deployment via a policy reset and a new mindset

on development pathways for Africa.

a. Need for Upgrading Energy Sustainable Infrastructure in Energy: Investing in modern
transmission networks and energy storage systems, such as batteries for hydroelectric power

plants, is critical for energy resilience (Zim Advocate, 2025).
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b. Need for Policy Harmonization in Energy: Streamlining energy policies and fostering
regional cooperation can enhance energy security and facilitate cross-border trade (Zim

Advocate, 2025).

2.2.9 Leveraging on Africa's Critical Minerals

Africa's rich mineral wealth deposits, such as cobalt, lithium, and copper, are essential for the
global energy transition. The shift from an extractive model to a value-added approach in Africa
can be an opportunity to become a hub for mineral processing and green technology manufacturing

(Brookings Institution, 2024).

2.2.9.1 Renewable Energy Technologies for Zimbabwe

The 2012 renewable energy policy has demonstrated Zimbabwe's commitment to renewable
energy, which should be evident in its efforts to diversify energy sources and reduce reliance on

non-renewable energy.

Key initiatives include:

a. Sustainable Renewable Energy Projects (Zimbabwe): By 2025, the country aims to create
10,000 new jobs through renewable energy projects, enhance rural electrification, and boost
agricultural productivity (Zim Advocate, 2024).

b. Bio-energy Development: Zimbabwe’s focus on bioethanol production and agricultural waste
conversion demonstrates its commitment to sustainable energy solutions (Zim Advocate,

2024).
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Technological Innovations in Energy Infrastructure Studies

Over the past decade, numerous scholarly studies have explored sustainable solutions for Africa’s

energy and infrastructure challenges. Applying a critical realism lens, which emphasises

understanding the underlying structures and mechanisms influencing observable phenomena, we

can critically assess these studies and the research objectives, research questions, and mixed-

methods approach of this dissertation. Below is a synthesised critique of selected literature:

Table 1 -Critical Literature Surveys

Study

Renewable Energy
Independent Power
Producer
Procurement
Programme
(REIPPPP)
(IRENA,2024)

Desertec Initiative
(Desertec,2019)

Oya Hybrid Power
Station
(IRENA,2024)

Kanzimbe Solar
Power Station
(Kanzimbe Power

Station, 2023)

Focus Area

Examination  of
South Africa’s
initiative to
increase electricity
capacity through
private sector
investment in
renewable energy.
Evaluation of the
feasibility of
harnessing  solar
energy from the
Sahara Desert to
supply Europe and
North Africa.

Development of a
hybrid power plant
in South Affica
combining solar,
wind, and battery
storage.

Implementation of
a 60 MW solar
power plant in
Malawi to

Methodology
Descriptive analysis of
program
implementation  and
outcomes.

Feasibility studies and
project evaluations.

Project planning and
development analysis.

Case study analysis of
project  development
and outcomes.

Findings
Successfully
awarded 123
projects, adding

6,200 MW to the
grid, contributing

to 5% of South
Africa’s  energy
supply.

Initiated projects
like the
Quarzazate solar
power station in
Morocco;

however, faced
challenges in
political and

financial domains.

Aims to provide

128 MW  of
dispatchable
power using
synchronized

mechanisms with
Al and machine
learning.

Provides
renewable energy
to the national

grid, contributing

Critical Realism Critique

While the programme addresses
observable energy shortages
(Empirical Layer), it lacks analysis
of systemic inefficiencies (Actual
Layer) and deeper structural barriers
(Real Layer) such as regulatory
challenges and financial constraints.

The initiative identifies potential in
renewable energy (Empirical Layer)
but underestimates political and
economic complexities (Real Layer)
affecting implementation.

Addresses technological integration
(Empirical Layer) but lacks critical
assessment of policy and regulatory
frameworks (Actual Layer) and
institutional inertia (Real Layer) that
may impact sustainability.

Focuses on immediate energy
provision (Empirical Layer) but
does not critically assess systemic
policy inefficiencies (Actual Layer)
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diversify  energy to reduced | or financial constraints (Real Layer)

sources. blackouts and | hindering broader adoption.
energy
diversification.
Bokpoort CSP Development of a | Project evaluation and | Recognized  for | Highlights community engagement
(Bokpoort,2024) 50 MW | performance analysis. | innovative socio- | (Empirical Layer) but lacks critique
concentrated solar economic and | of policy implementation challenges
power plant in community (Actual Layer) and
South Africa with development barriers (Real Layer)
thermal storage. projects; awarded | scalability.
“Best Energy
Project of the Year
2016”.

The reviewed studies predominantly focus on the Empirical Layer, addressing observable
energy challenges through technological solutions and project implementations. However, a
notable gap in analysing the Actual Layer involves systemic inefficiencies such as policy
implementation hurdles and investment shortfalls. Furthermore, the Real Layer, encompassing
more profound structural barriers like political will, financial constraints, and institutional inertia,

is often underexplored.

Applying a Critical Realism perspective reveals that sustainable energy solutions in Africa
require more than technological advancements; they necessitate a comprehensive understanding
of the underlying systemic and structural factors that influence energy infrastructure development.
Future research should adopt mixed methods approaches to uncover these deeper layers, aligning
with this dissertation's research objectives and questions, to propose holistic and sustainable

energy solutions for the continent.

32



2.3.1 Smart Grids and AI-Driven Energy Management

Smart grids enhance real-time electricity distribution, reducing power outages by up to 20% (IEA,
2023). By optimising grid performance, Al-powered predictive maintenance reduces energy losses

(World Bank, 2023).

Case Study: South Africa’s Smart Grid Deployment

Eskom implemented Al-driven fault detection systems, reducing outages by 25% (African
Development Bank, 2023). The adoption of smart metering also cut household electricity

wastage by 20%.

Zimbabwe’s Next Steps:
i.  Develop Al-integrated smart grids to enhance reliability.

ii.  Expand digital grid solutions to reduce energy transmission losses.

2.3.2 Renewable Energy and Energy Storage Innovations

Battery Energy Storage Systems (BESS) improve renewable integration, reducing reliance
on diesel generators (IEA, 2023). Green hydrogen is emerging as a scalable energy storage

alternative (World Bank, 2023).
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Case Study: Morocco’s Green Hydrogen Investment

Morocco invested $10 billion in green hydrogen infrastructure, positioning itself as a

regional hub (IEA, 2023).

Zimbabwe’s Next Steps:
i.  Pilot hydrogen-based energy storage projects.

ii.  Scale up solar and wind investments linked with BESS.

2.4  Sustainable Transport and Electric Mobility

Case Study: Rwanda

Rwanda launched a nationwide electric motorcycle program, reducing fuel costs by 40%
(African Development Bank, 2023). Kenya deployed the first fleet of electric buses, cutting

emissions and transport costs (World Bank, 2023).

Zimbabwe’s Next Steps:
i.  Develop EV infrastructure (charging stations, incentives for public transport
electrification).

ii.  Encourage green public transport initiatives in urban areas.
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2.5 Climate Finance, Carbon Trading, and Energy Market Reforms

2.5.1 Energy Financing Models

Case Study

Blended finance (public-private partnerships) has been key to financing large-scale African

renewable projects (IEA, 2023). Morocco used blended finance to raise $2 billion for its

Noor Solar Complex (African Development Bank, 2023).

Zimbabwe’s Next Steps:
i. Develop green bond frameworks to attract investors.
ii. Strengthen climate finance policies to support renewable projects.

2.5.2 Al-Driven Carbon Capture and Waste-to-Hydrogen Solutions

Al-driven carbon capture improves CO: sequestration efficiency, reducing industrial
emissions (IEA, 2023). Waste-to-hydrogen solutions convert municipal waste into clean

hydrogen fuel, reducing landfill dependence (World Bank, 2023).
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Case Study: Japan’s Waste-to-Hvdrogen Plant

Japan’s $3 billion facility converts municipal waste into 20,000 tons of hydrogen annually

(IEA, 2023).

Zimbabwe’s Next Steps:
i.  Develop Al-based carbon capture projects.

ii.  Promote waste-to-hydrogen technologies in urban waste management.

2.6 Theoretical and Conceptual Frameworks

2.6.1 Ciritical Realism and Sustainable Energy Systems

Critical realism, developed by Bhaskar (2008), provides a structured approach to analysing
energy policy, infrastructure, and engineering innovations. The framework distinguishes three
levels of reality:
i.  Empirical (Observed Phenomena) — Energy deficits, frequent blackouts, and unreliable
power supply in Zimbabwe (Mukonza & Mbohwa, 2023).
ii. Actual (Mechanisms and Structures) — Weak policies, financial constraints, and
regulatory inefficiencies limiting energy expansion (Muchapondwa, 2021).
iii.  Real (Deep-seated Causes) — Institutional inertia, lack of investment, and misalignment

between energy policies and infrastructure development (Nyoni et al., 2020).
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Critical realism allows for a multi-dimensional analysis, connecting policy failures to technical

challenges while emphasising causal mechanisms driving energy inefficiencies (Sayer, 2000).

2.6.2 Sustainable Development Goal (SDG) 7: Affordable and Clean Energy

SDG 7 ensures universal access to affordable, reliable, and modern energy (United Nations,

2023). Key indicators include:

i.  Electrification Rate: Zimbabwe’s national electrification rate is 44%, with rural access

below 20% (World Bank, 2023).

ii. Renewable Energy Share: The country lags regional targets for clean energy
integration (IEA, 2022).

iii. Energy Affordability: Electricity tariffs remain high due to import dependence and

weak local generation capacity (African Development Bank, 2022).

Zimbabwe’s National Renewable Energy Policy (2020) aligns with SDG 7 but struggles with

implementation due to financial and regulatory barriers (SADC, 2022).

2.6.2.1 Energy Policies in Zimbabwe

2.6.2.1.1 Energy Policy and Regulatory Landscape

Zimbabwe’s energy sector is governed by:
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e National Energy Policy (2012): This policy aims to improve energy security,
efficiency, and sustainability but lacks implementation enforcement (Government of
Zimbabwe, 2012).

¢ Renewable Energy Policy (2020): Encourages IPP participation, but high costs and
bureaucracy hinder private-sector involvement (Mukonza & Mbohwa, 2023).

e Net Metering Regulations (202.): Introduced to promote distributed solar generation,

but adoption has been slow due to a lack of incentives (Muchapondwa, 2021).

2.6.2.2 Regional Energy Cooperation: The Southern African Power Pool (SAPP)

e SAPP facilitates regional electricity trading, allowing Zimbabwe to import power
from Mozambique and South Africa (SADC, 2022).
e Challenges include weak infrastructure, high transmission losses, and limited cross-
border interconnectivity (IEA, 2023).
Zimbabwe’s opportunities:
. Expand transmission infrastructure to enhance regional power trade.

. Invest in renewable energy exports to strengthen trade partnerships.

2.6.2.3 National Energy Policies and Regulatory Frameworks

Zimbabwe’s energy sector is governed by:
i.  National Energy Policy (2012) — Aims to promote energy security, efficiency, and
sustainability but lacks enforcement mechanisms (Government of Zimbabwe, 2012).
ii. Renewable Energy Policy (2020) — Encourages IPP participation, feed-in tariffs, and

private sector investment, but implementation is slow (Ministry of Energy, 2020).
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iii.  Electricity Act (2002, revised 2021) — Regulates ZESA Holdings, Zimbabwe Power
Company (ZPC), and Independent Power Producers (IPPs) (Government of
Zimbabwe, 2021).

iv.  Net Metering Regulations (2020) — Introduced to encourage decentralised renewable

energy production, but adoption remains low (Mukonza & Mbohwa, 2023).

2.6.2.4 Regional and International Energy Agreements

Zimbabwe is a member of:
i. Southern African Power Pool (SAPP) — Facilitates cross-border electricity trade,
though Zimbabwe often imports power due to local generation deficits (SADC, 2022).
ii. Paris Agreement on Climate Change (2015) Commits Zimbabwe to reducing fossil
fuel dependency and expanding renewables (UNFCCC, 2023).
iii. Africa Renewable Energy Initiative (AREI): This initiative supports investment in

green energy projects, but Zimbabwe has limited funding access (African Union, 2023).
2.7 Energy Infrastructure and Development

2.7.1 Power Generation and Grid Challenges
Zimbabwe’s total installed capacity is approximately 2,300 MW, but adequate capacity
fluctuates between 1,000 and 1,400 MW due to ageing infrastructure and supply constraints
(African Development Bank, 2022).
i. Hwange Thermal Power Station — The largest power producer (920 MW), but suffers
from frequent breakdowns (ZESA, 2023).
ii. Kariba Hydropower Station — Contributes 42% of national electricity but is vulnerable

to climate change-induced droughts (UNEP, 2023).
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ii.

2.7.2

ii.

2.7.3

ii.

2.7.4

2.74.1

Independent Power Producers (IPPs) have only added 150 MW to the grid due to high

capital costs and regulatory challenges (Muchapondwa, 2021).

Virtual Power Stations and Demand-Side Management

Virtual Power Plants (VPPs) aggregate distributed energy resources (solar PV, BESS,
and demand-response systems) to balance supply and demand (IEA, 2022).
Demand-side management (DSM) reduces peak load by incentivising energy efficiency,

load shifting, and smart grid adoption (Chari & Nyoni, 2023).

Energy Efficiency and Battery Energy Storage Systems (BESS)

Energy Efficiency Policies — Zimbabwe lacks stringent energy efficiency regulations
despite global trends promoting ISO 50001 standards (World Bank, 2023).

Battery Energy Storage Systems (BESS) — Critical for grid stabilisation and renewable
energy integration but remain expensive for large-scale deployment (Nyoni et al., 2020).

Renewable Energy and Nuclear Energy

Renewable Energy Development

Zimbabwe has vast renewable energy potential:

i

ii.

ii.

Solar Energy — 5.5-6.5 kWh/m?/day, but only 10 MW has been connected to the grid
(Ministry of Energy, 2020).

Wind Power — Identified sites in Chimanimani and Chipinge, but feasibility studies
remain incomplete (Mukonza & Mbohwa, 2023).

Geothermal Energy — 50 MW potential in Binga and Hwange remains unexplored

(SADC, 2022).
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iv.  Biomass Energy — Sugarcane bagasse and biogas could add 200 MW if policies support

waste-to-energy investments (Muchapondwa, 2021).

2.7.4.2 Nuclear Energy Prospects

Zimbabwe has explored nuclear energy partnerships with Russia and China, but financial and
regulatory barriers persist (African Union, 2023). Nuclear energy can diversify Zimbabwe's energy
mix but concerns about high initial costs and safety persist. The Zimbabwe Ministry of Energy
and Power Development is setting up a nuclear energy Programme like other African countries

like Kenya and South Africa (IEA, 2022).

2.8 Energy Poverty and Socioeconomic Implications

i. Over 60% of rural Zimbabweans lack access to electricity, impacting education,
healthcare, and economic productivity (World Bank, 2023).
ii. Gender and Energy Access — Women bear the burden of energy poverty, relying on
firewood and charcoal for cooking (UNDP, 2023).
iii. Economic Costs — Power shortages reduce industrial output by 30-40% annually,

increasing reliance on costly diesel generators (Muchapondwa, 2021).

2.9  Sustainability and Engineering Approaches in Energy Infrastructure

The intersection of sustainability, engineering innovation, and energy development is a
growing study area. Sustainable energy systems are designed to balance economic feasibility,

environmental conservation, and social equity (World Bank, 2023).
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2.9.1 Sustainable Energy Engineering Concepts

2.9.1.1 Energy Efficiency and Grid Modernization

Energy efficiency involves minimising energy losses and optimising power generation. In
Africa, transmission losses reach up to 20%, mainly due to ageing grid infrastructure (IEA, 2022).
ISO 50001 Energy Management Standard provides a global framework for efficiency (ISO,
2020).

Smart Grid Technologies use Al and [oT for demand forecasting, load balancing, and outage
prediction (Chari & Nyoni, 2023).

Demand-side management (DSM) reduces peak-hour energy demand, improving grid stability

(Mukonza & Mbohwa, 2023).

2.9.1.2 Renewable Energy Integration and Circular Economy

i.  Sustainability principles encourage resource efficiency and decarbonisation (Ellen
MacArthur Foundation, 2022).
ii.  Solar and Wind Hybrid Systems improve reliability by compensating for intermittency
(Muchapondwa, 2021).
iii.  Circular Economy in Energy involves waste-to-energy technologies (biomass, biogas)
to create closed-loop systems (SADC, 2022).
iv.  Green Hydrogen Production has potential as a clean fuel, with South Africa already

investing in hydrogen projects (African Union, 2023).
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2.10 Africa and SADC Energy Issues

2.10.1 Energy Access and Infrastructure Deficit in SADC

Over 600 million Africans lack electricity, with rural electrification rates below 20% in many
countries (World Bank, 2023).

The Southern African Power Pool (SAPP) was created to improve regional power trade, yet
Zimbabwe still imports energy due to local grid inefficiencies (SADC, 2022).

The lack of grid expansion limits economic growth and industrialisation (Mukonza & Mbohwa,

2023).

Here are two visual representations of the SADC energy landscape:

i.  Installed Energy Capacity (MW) in Selected SADC Countries

South Africa dominates with 58,000 MW, while Zimbabwe lags with 2,300 MW due to ageing

infrastructure. Countries like Mozambique and Zambia rely on hydropower, while Botswana

and Namibia have smaller grids.
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Installed Energy Capacity in Selected SADC Countries (MW)
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Figure 7 - Installed Energy Capacity in SADC

ii. Energy Access Rate (%) in Selected SADC Countries

South Africa leads with 85% access, while Zimbabwe has only 44%. Energy poverty is high

across the region, requiring massive investment in electrification projects.

Energy Access Rate in Selected SADC Countries (%)
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Figure 8 - Energy Access Rate in Selected SADC Countries
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2.10.2 Renewable Energy Policies in SADC

Many SADC nations have adopted renewable energy policies to transition from fossil fuels.
South Africa’s Integrated Resource Plan (IRP) aims to retire coal plants by 2030 and increase

renewable generation (IEA, 2022).

Zimbabwe’s Renewable Energy Policy (2020) sets a goal of 26.5% renewable energy share
by 2030, but implementation challenges persist (Ministry of Energy, 2020). Botswana and
Namibia are scaling up solar energy investments to reduce dependence on imported electricity

(SADC, 2022).

2.10.3 Virtual Power Plants (VPPs) and BESS in SADC

i.  Virtual Power Plants (VPPs) aggregate distributed renewable resources as a single
energy unit (IEA, 2022).

ii.  Battery Energy Storage Systems (BESS) can stabilise grids and store excess solar and
wind energy for peak demand (Nyoni et al., 2020). Lithium-ion and Flow Batteries are
increasingly used for large-scale grid storage, particularly in South Africa (Muchapondwa,

2021).

2.11 Sustainability and Engineering Approaches in Energy Infrastructure

The intersection of sustainability, engineering innovation, and energy development is a
growing study area. Sustainable energy systems are designed to balance economic feasibility,

environmental conservation, and social equity (World Bank, 2023).
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2.11.1 Sustainable Energy Engineering Concepts

2.11.1.1 Energy Efficiency and Grid Modernization

ii.

ii.

iv.

Energy efficiency involves minimising energy losses and optimising power generation.
In Africa, transmission losses reach up to 20%, mainly due to ageing grid infrastructure
(IEA, 2022).

ISO 50001 Energy Management Standard provides a global framework for efficiency
(IS0, 2020).

Smart Grid Technologies use Al and IoT for demand forecasting, load balancing, and
outage prediction (Chari & Nyoni, 2023).

Demand-side management (DSM) reduces peak-hour energy demand, improving grid

stability (Mukonza & Mbohwa, 2023).

2.11.1.2 Renewable Energy Integration and Circular Economy

ii.

ii.

iv.

Sustainability principles encourage resource efficiency and decarbonisation (Ellen
MacArthur Foundation, 2022).

Solar and Wind Hybrid Systems improve reliability by compensating for intermittency
(Muchapondwa, 2021).

Circular Economy in Energy involves waste-to-energy technologies (biomass, biogas)
to create closed-loop systems (SADC, 2022).

Green Hydrogen Production has potential as a clean fuel, with South Africa already

investing in hydrogen projects (African Union, 2023).

46



2.12 Africa and SADC Energy Issues

2.12.1 Energy Access and Infrastructure Deficit in SADC
Over 600 million Africans lack electricity, with rural electrification rates below 20% in many

countries (World Bank, 2023).

The Southern African Power Pool (SAPP) was created to improve regional power trade, yet
Zimbabwe still imports energy due to local grid inefficiencies (SADC, 2022). The lack of grid

expansion limits economic growth and industrialisation (Mukonza & Mbohwa, 2023).

2.12.2 Renewable Energy Policies in SADC

Many SADC nations have adopted renewable energy policies to transition from fossil fuels.
South Africa’s Integrated Resource Plan (IRP) aims to retire coal plants by 2030 and increase

renewable generation (IEA, 2022).

Zimbabwe’s Renewable Energy Policy (2020) sets a goal of 26.5% renewable energy share

by 2030, but implementation challenges persist (Ministry of Energy, 2020).

Botswana and Namibia are scaling up solar energy investments to reduce dependence on

imported electricity (SADC, 2022).
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2.12.3 Virtual Power Plants (VPPs) and Battery Storage in SADC

Virtual Power Plants (VPPs) aggregate distributed renewable resources as a single energy

unit (IEA, 2022).

Battery Energy Storage Systems (BESS) can stabilise grids and store excess solar and wind

energy for peak demand (Nyoni et al., 2020).

Lithium-ion and Flow Batteries are increasingly used for large-scale grid storage, particularly in

South Africa (Muchapondwa, 2021).

Figure 8 shows projected Smart Grid Investment Growth (2015-2023), which depicts the
increasing investment in smart grid technologies across selected African countries.
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Figure 9- Smart Grid Investment Growth (2015-2023).
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Figure 9 shows Green Hydrogen Investment Trends in Africa (2015-2023), highlighting the

projected investment growth in green hydrogen projects.
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Figure 10 - Green Hydrogen Investment Trends in Africa (2015-2023).

Figure 10 shows projected Regional Energy Cooperation Investment Trends (2015-2023),
representing investment trends in cross-border African energy cooperation.
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Figure 11 - Regional Energy Cooperation Investment Trends (2015-2023).
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Figure 11 shows the projected Al-driven Carbon Capture Investment by Country (2015-2023).

It shows the investment in artificial intelligence for optimising carbon capture technologies.
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Figure 12 - Green Hydrogen Investment Trends in Africa (2015-2023.

The graph above illustrates projected Al-driven carbon capture investments in South Africa,
Kenya, Nigeria, Zimbabwe, and Ethiopia (2015-2023). South Africa leads with $9 billion in
assets, while Zimbabwe lags at $3 billion, highlighting limited adoption of AI-powered climate

technologies (IEA, 2023).

2.13 Energy Demand Side Management in the SADC Region

2.13.1 The Role of Energy Efficiency in Sustainable Development
Energy management and Demand-Side Management (DSM) are critical components of sustainable
energy solutions, particularly in regions like Zimbabwe and the broader SADC community facing

persistent energy shortages. Mbohwa and Manuhwa (2008) provided a robust analysis of Energy
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Efficiency and DSM strategies as viable tools for reducing electricity demand, postponing supply-

side infrastructure investments, and mitigating environmental degradation.

2.13.2 Energy Efficiency and Demand Side Management

Energy efficiency refers to the optimisation of energy use, whereas Demand Side Management
(DSM) is the strategic reduction and shifting of electricity demand through various interventions,
including:

e Technological improvements (efficient appliances, motors, lighting).
e Behavioural changes (load shifting, demand response programs).
e Energy pricing incentives (tariff structures that encourage efficiency).

e Institutional interventions (government policies, utility-led DSM programs).

2.13.3 DSM Strategies and Applications in the SADC Region

2.13.3.1 DSM as a "Virtual Power Station"
The “Virtual Power Station’ concept emphasises that energy efficiency programmes can aggregate
savings equivalent to building new power plants.
For example:
o If25% of peak electricity demand (2000MW) is saved through DSM, it eliminates the need

for a S00MW power plant, translating to a cost saving of approximately $400 million.
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2.13.3.2 Case Studies of DSM Success

Several global case studies highlight the potential benefits of DSM:

e Eskom (South Africa) aims to save 4,255 MW over 20 years, equivalent to the capacity of
a central power station.

e China’s Green Lights Program (UNDP) saved 22 billion kWh and reduced 7.4 million tons
of CO: emissions.

e U.S. Appliance Efficiency Standards saved $100 billion in energy costs and prevented the

construction of 15,000 MW of new power capacity.

2.13.3.3 DSM Implementation in Zimbabwe

Zimbabwe has considerable potential for DSM, yet implementation remains weak due to:
e Lack of structured DSM programs within ZESA.
e Minimal incentives for energy savings among domestic and industrial users.
e Outdated tariff structures that do not promote efficiency.
e Limited consumer awareness programs for energy efficiency.

2.13.3.4 Institutional and Policy Frameworks for DSM in Zimbabwe and SADC

2.13.3.4.1 Integrated Resource Planning (IRP) and Life Cycle Costing (LCC)
Integrated Resource Planning (IRP) expands electricity planning beyond supply-side projects to
include renewable energy, DSM, and efficiency measures.
Key benefits include:

e Reducing capital-intensive investments in power generation.

e Encouraging the integration of renewable energy into national grids.
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e Accounting for full lifecycle costs (LCC) of energy projects.

2.13.3.4.2 Barriers to DSM Adoption in Zimbabwe and SADC
Despite the clear benefits, DSM adoption remains low due to:
e Distorted energy pricing (subsidised tariffs discourage efficiency).
e Regulatory barriers (weak enforcement of energy efficiency policies).
e Lack of funding mechanisms for DSM programs.

e Technological lock-in (industries reliant on outdated, inefficient equipment).

2.14 Waste-to-Hydrogen: Converting Waste into Clean Fuel

2.14.1 The Concept of Waste-to-Hydrogen

Waste-to-hydrogen technology converts organic waste into hydrogen fuel through

gasification and pyrolysis (IEA, 2023). This approach reduces landfill waste while producing

clean energy (World Bank, 2023).

2.14.2 Case Study: Japan’s Waste-to-Hydrogen Initiative

Japan developed a $3 billion waste-to-hydrogen plant in Tokyo, converting municipal waste

into 20,000 tons of hydrogen annually (IEA, 2023). Hydrogen is used in fuel cells and

industrial applications.
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Lessons for Zimbabwe:
i. Develop waste-to-hydrogen pilot projects using municipal and agricultural waste.

ii. Incentivize industries to adopt hydrogen as a fuel alternative.

2.15 AI-Driven Carbon Capture and Storage (CCS)

2.15.1 The Role of AI in Carbon Capture

Al enhances efficiency in carbon capture by optimising absorption processes and reducing
costs (IEA, 2023). Machine learning models predict CO: capture rates, increasing carbon

storage efficiency (World Bank, 2023).

2.15.2 Case Study: Canada’s AI-Optimized Carbon Capture Facility

Canada invested $5 billion in an Al-driven carbon capture plant, reducing CO: emissions
by 1.5 million tons annually (IEA, 2023). AI models optimise CO: storage locations,

improving long-term sustainability.

Lessons for Zimbabwe:
i.  Develop Al-powered CCS pilot projects to reduce industrial emissions.

ii. Leverage Al to optimise Zimbabwe’s natural carbon sinks (forests, wetlands).
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2.16 Smart Energy Financing Strategies

2.16.1 Blended Finance for Energy Projects

Blended finance combines public and private sector investments to fund energy projects
(IEA, 2023). It reduces investment risk and attracts more capital for renewables (World

Bank, 2023).

2.16.1.1 Case Study: Morocco’s Blended Finance Model for Solar Energy

Morocco secured $2 billion in private-public partnerships to fund the Noor Solar Complex,
Africa’s largest solar farm (African Development Bank, 2023). Risk-sharing mechanisms

attracted international investors.

Lessons for Zimbabwe:
i.  Develop blended finance mechanisms to attract investment in renewable energy.

ii.  Partner with international climate funds to de-risk energy projects.
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2.16.2 Case Study - The Harare Metropolitan Area

Power supply and distribution strategies to address Zimbabwe’s critical energy challenges should
focus on Harare City and its surrounding municipalities (Chitungwiza, Epworth, Ruwa,
Goromonzi, Mazowe, New City, Zvimba, Norton, and Manyame). Aligned with Zimbabwe’s
Vision 2030, National Development Strategies and Sustainable Development Goal Seven (SDG7),
a plan should transform Harare Metropolitan’s energy infrastructure into a resilient, sustainable,
and efficient system. Key priorities include tackling ageing infrastructure, integrating renewables,
modernising grids, and promoting energy efficiency to ensure equitable access and climate

resilience.

2.16.2.1 Current Energy Landscape & Challenges

The Harare Metropolitan Area is mainly supplied via the National Grid of Zimbabwe. Due to
ageing, environmental issues, and bloated production costs, the old thermal power station is no
longer reliable or viable. Zimbabwe’s electricity access rate is 62%, and the Harare Metropolitan
Area faces acute power shortages, frequent load shedding, and ageing infrastructure. The energy

mix is dominated by coal (60%) and hydropower (40%), leaving renewables at just 3%.

Key challenges include facing the National Grid, hence impacting Harare’s Energy Supply:

o Ageing Infrastructure: Outdated transmission networks and substations, particularly in
Harare, lack redundancy, causing instability.

o Climate Vulnerability: Droughts reduce hydropower output (e.g., Kariba Dam),
exacerbating energy deficits.
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e Financial Constraints: Non-cost-reflective tariffs, limited green financing, and ZESA
Holdings’ operational inefficiencies hinder investment.

o  Supply-Demand Gap: Installed capacity (2,220 MW) lags demand (1,800 MW), with
dependable capacity at 1,200 MW. Peak demand is projected to reach 5,410 MW by 2035.

2.16.3 Strategic Interventions

2.16.3.1 Renewable Energy Integration

e Solar & Wind: Scale up solar PV projects like Harava Solar Park and Rufaro Solar Farm
within the metropolitan area—target 16.5% renewables by 2025 and 26.5% by 2030
(excluding large hydro).

o Waste-to-Energy: Explore solutions aligned with Harare’s waste management systems.

o Small Nuclear Reactors (SNRs): Assess feasibility for low-carbon baseload power,
referencing African case studies.

2.16.3.2 Grid Modernization

e Upgrade substations, expand distribution networks, and deploy innovative grid
technologies, including Battery Energy Storage Systems (BESS), to manage renewable
intermittency.

e Address critical bottlenecks in Harare’s grid to improve redundancy and reliability.

2.16.3.3 Energy Efficiency & Conservation

e Mandate Solar Water Heaters (SWH) in residential/commercial buildings and transition to
LED street lighting.

e Implement demand-side management (e.g., time-of-use tariffs) and industrial energy
audits.

2.16.3.4 Institutional & Policy Reforms

e Strengthen ZESA’s operational capacity and coordination with Harare’s local authorities.
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¢ Introduce incentives: duty-free renewable equipment imports, tax breaks for green projects,
and regulatory frameworks for private sector participation (IPPs).

e Promote electric vehicles and clean cooking to reduce emissions.

2.16.3.5 Financial & Implementation Strategy

Funding: Leverage public-private partnerships (PPPs), international climate funds, and grants.

Phased Implementation: Prioritize urgent projects (e.g., grid upgrades, solar farms) with clear
milestones.

Tariff Reforms: Ensure cost-reflective pricing to attract investment.

2.16.3.6 Recommendations & Conclusion

The plan concludes with actionable steps:
e Adopt renewable energy incentives and energy efficiency standards.
e Strengthen regulatory frameworks for IPPs and grid modernisation.
e Establish a monitoring framework to track progress toward Harare’s net-zero goals.

By integrating renewable energy, modernising infrastructure, and fostering stakeholder
collaboration, the Master Plan aims to secure a resilient, affordable, and sustainable energy future

for Harare Metropolitan, driving Zimbabwe’s economic growth and climate resilience.

2.17 Literature Gaps

Despite extensive research on Zimbabwe’s energy challenges, gaps remain in:
i. Al and Blockchain in Energy Management — Limited research on innovative grid
applications in Zimbabwe.
ii.  Hybrid Renewable Energy Systems — There are few case studies analysing integrated

solar-wind-hydro models.
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iii.  Financial Models for Green Energy Investment — Need for PPP and microfinance
frameworks for renewable projects.
iv.  Impact of Virtual Power Plants on Grid Stability — No empirical studies assessing VPP

feasibility in Zimbabwe.

2.18 Chapter Conclusion

The critical literature review presented in this chapter has provided an in-depth examination of the
theoretical, policy, technological, and financial dimensions that shape the sustainability of
Africa’s energy and infrastructure sectors. Anchored in Critical Realism, the review has
deconstructed observable energy challenges (Empirical Layer), systemic inefficiencies (Actual
Layer), and more profound structural barriers (Real Layer) to elucidate the underlying

mechanisms influencing the energy transition in Zimbabwe and the broader African context.

2.18.1 Synthesis of Key Findings

The literature reveals that energy poverty, infrastructural deficits, policy fragmentation, and
financial constraints impede Africa’s progress toward sustainable energy systems. While
renewable energy investments, smart grid integration, and decentralised energy solutions
have gained momentum over the past decade, their impact remains constrained by regulatory

uncertainties, weak institutional frameworks, and inconsistent policy implementation.

Through a Critical Realism lens, it is evident that:
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i.  Technological advancements such as Battery Energy Storage Systems (BESS),
Artificial Intelligence (Al) in grid management, and green hydrogen solutions can
potentially revolutionise Africa’s energy sector. However, their scalability is contingent
upon more substantial policy support, improved financing mechanisms, and the
reduction of institutional inertia.

ii.  Policy and regulatory frameworks, including Zimbabwe’s National Energy Policy
(2012), Renewable Energy Policy (2020), and regional commitments such as the
Southern African Power Pool (SAPP), offer promising pathways for energy reform.
However, a lack of coherence and implementation gaps undermine their efficacy.

iii. Investment and financing strategies, including public-private partnerships (PPPs),
green bonds, and climate finance mechanisms, remain underutilised in Zimbabwe and
many African nations due to perceived risks, policy inconsistencies, and regulatory

bottlenecks.

2.18.2 Addressing the Research Questions through Mixed-Methods

From a methodological standpoint, this review underscores the necessity of a mixed-methods
research approach, integrating quantitative modelling (e.g., SPSS for policy impact
assessments) and qualitative frameworks (e.g., NVivo for policy discourse analysis and

Delphi method for expert validation).
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Such an approach will allow this dissertation to:

i.  Bridge the knowledge gap by correlating policy implementation effectiveness with
real-world energy project outcomes.
ii.  Critically analyse the causality between institutional barriers and energy
infrastructure development.
iii. ~ Develop a holistic conceptual framework integrating technological innovations, policy

reforms, and financing strategies for Zimbabwe’s energy transition.

2.18.3 Implications for Energy Sustainability and Policy Reform

A significant implication of this chapter’s findings is that Zimbabwe’s energy sector requires
an integrated, systems-based approach that goes beyond isolated renewable energy projects

to incorporate:

i.  Institutional restructuring to improve energy governance and regulatory oversight.
ii. ~ Targeted financial incentives to attract investments in smart grids, distributed energy
resources (DERs), and Al-driven energy solutions.
iii. Regional energy cooperation and cross-border electricity trade to mitigate

Zimbabwe’s energy shortfalls.
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2.18.4 Transition to Empirical Analysis

This chapter has laid the theoretical and conceptual foundation for this dissertation’s empirical
investigation. It has identified the key gaps that necessitate further empirical validation by
critically synthesising existing literature on energy sustainability, infrastructure development,
and strategic energy transitions. The critical literature review was conducted on energy policies,
infrastructure development, energy efficiency, and renewable energy integration in
Zimbabwe, SADC and Africa. While policies exist, implementation remains weak, and
financial constraints hinder sustainable energy progress. Addressing literature gaps and
leveraging 4IR technologies could accelerate Zimbabwe’s transition to a sustainable energy
future. This chapter also reviewed critical sustainability and engineering principles, Africa
and SADC energy policies, and emerging technologies such as VPPs, BESS, and hybrid
renewables. The findings indicate that Zimbabwe lags regional peers in energy access and
renewable integration due to weak policies, funding shortages, and outdated infrastructure.
Addressing these gaps requires investment in energy-efficient systems, policy reform, and

regional collaboration.

The next chapter, Research Methodology, will operationalise these findings through a rigorous
mixed-methods research design. It will outline the data collection instruments, research
variables, and analytical techniques necessary to test the hypotheses and address the research
objectives. Through this methodological rigour, the dissertation will empirically validate the
theoretical propositions presented in this literature review, contributing original scholarly

insights to sustainable energy engineering in Africa.
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CHAPTER 3: RESEARCH DESIGN & METHODOLOGY

3.1 Introduction

This chapter provides a rigorous methodological framework for the study, outlining the
research philosophy, strategy, and design underpinning the investigation of sustainable
engineering solutions for Africa’s energy and infrastructure development, specifically
focusing on Zimbabwe. The study is grounded in Critical Realism, which provides an analytical
lens for understanding energy policy implementation gaps, systemic inefficiencies, and the

structural barriers affecting energy transitions in Zimbabwe.

This study employs a mixed-methods approach, integrating quantitative and qualitative
methodologies (“Fostering well-being: Exploring the influence of user-Al assistant ...”). Critical
realism provides the epistemological foundation, ensuring a multi-layered analysis of Zimbabwe’s

energy infrastructure challenges.

The methodology integrates quantitative and qualitative approaches within a mixed-methods
design, ensuring an empirically robust and theoretically coherent triangulated analysis. The
chapter further discusses data collection methods, sampling techniques, data analysis tools,
and validity considerations, providing the methodological rigour necessary for doctoral-level

research in sustainable engineering.
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Quantitative Methods: Surveys and statistical modelling using SPSS allow for assessing policy
effectiveness, energy investment trends, and infrastructure reliability. Regression analysis is
applied to determine the relationship between renewable energy adoption and grid stability.

Qualitative Methods: Thematic analysis using NVivo helps identify key themes from interviews
and expert panel discussions. The Delphi method is employed to achieve a consensus on priority
solutions. Policy discourse analysis is also conducted to evaluate institutional inefficiencies and

regulatory gaps.

This chapter delineates the research methodology employed in this study, encompassing the
research philosophy, strategy, and design. The investigation is anchored in Critical Realism,
facilitating a nuanced understanding of the multifaceted challenges within Zimbabwe’s energy and
infrastructure sectors. A comprehensive mixed-methods approach is adopted, integrating
quantitative and qualitative research practices, including advanced technologies such as Artificial

Intelligence (Al), to ensure a robust and rigorous analysis.

3.2  Research Philosophy: Critical Realism

This study applies a critical realism epistemology, which integrates both quantitative

(empirical data) and qualitative (causal mechanisms) approaches (Bhaskar, 2008).
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3.2.1 Justification for Critical Realism

Critical Realism (CR), as articulated by Bhaskar (1978), offers a philosophical framework that
acknowledges the existence of reality independent of human perceptions while recognising that
social constructs invariably mediate our understanding of this reality. This paradigm is particularly
pertinent for examining complex socio-technical systems, such as Zimbabwe’s energy
infrastructure, where observable phenomena are influenced by underlying mechanisms and

structures (Sayer, 2000).

By adopting a CR perspective, this study aims to:
i.  Identify and analyse the causal mechanisms underlying energy policy implementation
and infrastructural development.
ii.  Understand the interplay between observable events and the deeper structural factors
influencing these events.
iii.  Provide a comprehensive explanation that transcends mere description, aligning with the

objectives of unveiling systemic inefficiencies and structural barriers.

This study adopts Critical Realism (CR), a post-positivist research paradigm developed by
Bhaskar (1978, 2008), which rejects simplistic cause-effect relationships and instead
emphasises the multi-layered nature of reality. CR is particularly suitable for analysing
complex socio-technical systems, such as Zimbabwe’s energy infrastructure, as it allows for

the following:
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i.  Distinguishing between observable phenomena and underlying causal mechanisms.
ii.  Investigating systemic barriers to energy transition beyond policy rhetoric.
iii.  Unveiling institutional inertia, governance inefficiencies, and economic constraints

that impede sustainable infrastructure development.

3.2.2 The Three-Layered Ontology of Critical Realism

According to Bhaskar’s (2008) Critical Realism ontology, reality is structured into three
interrelated layers:
i.  Empirical Layer: Observable energy issues include power shortages, load shedding,
ageing power plants, and grid inefficiencies (Mukonza & Mbohwa, 2023).
ii.  Actual Layer: Systemic inefficiencies include weak policy implementation, investment
shortfalls, and regulatory gaps (Muchapondwa, 2021).
iii. Real Layer: Deeper structural barriers include a lack of political will, financial

constraints, and institutional inertia (Nyoni et al., 2020).

This multi-layered approach ensures that this study goes beyond surface-level analysis to
critically examine Zimbabwe's energy sector's deep-rooted challenges and transformative

opportunities.

3.3 Research Strategy and Design

The study employs a mixed-methods research design, integrating quantitative (statistical) and

qualitative (interpretative) methods to comprehensively analyse energy policy
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implementation, infrastructure modernisation, and engineering sustainability solutions. This

design facilitates data triangulation, enhancing the findings' validity and reliability (Johnson,

Onwuegbuzie, & Turner, 2007).

3.3.1 Research Practices Considered and Justified

Several research practices were considered to address the research objectives effectively:

ii.

iii.

Experimental Research: Involves controlled testing of variables to establish cause-effect
relationships. While valuable in specific contexts, it is less applicable here due to the
study’s focus on real-world policy and infrastructural issues, which are not easily replicated

in controlled environments.

Survey Research: This method utilises structured questionnaires to gather data from a
large sample, providing quantifiable insights into public opinion and behaviours. It is also
used to collect data from stakeholders on their experiences and perceptions of the energy

sector.

Case Study Research entails an in-depth examination of specific instances or entities to

explore complex issues in context. This method provides detailed insights into challenges

and successes within Zimbabwe’s energy sector.
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iv.  Delphi Method: Involves iterative rounds of surveys with a panel of experts to achieve

consensus on specific issues. This method is included to harness expert knowledge on

potential solutions and future developments in the sector.

v.  Ethnographic Research requires immersive observation to understand cultural practices

and behaviours. This method is excluded due to time constraints and its less direct

applicability to the research objectives.

vi.  Documentary Research involves analysing existing documents and records to extract

relevant information. This method is used to examine policy documents, reports, and other

relevant literature.

Table 2- Research Practices Considered and Justified

Research Practice Description

Experimental Research Controlled testing of engineering
solutions in a lab setting.

Survey Research Structured questionnaires
targeting energy stakeholders,
policymakers, and engineering
practitioners.

Case Study Research In-depth analysis of successful
and failed energy projects in
Zimbabwe and Africa.

Delphi Method Expert panel consultations
through iterative rounds.

Ethnographic Research Long-term observation of energy
industry stakeholders.

Documentary Research Analysis of energy policies,
regulatory frameworks, and
national development plans.

Justification for Inclusion or
Exclusion

Excluded — The study focuses on
policy, infrastructure, and
industry-level analysis rather
than lab-based experiments.
Included — Used to gather
quantitative data on energy
policy effectiveness, investment
gaps, and sustainability
perceptions.

Included — Provides rich
qualitative insights into the
contextual factors influencing
infrastructure development.
Included — Enables consensus-
building among experts on
critical policy and engineering
challenges.

Excluded — The study does not
require immersive participant
observation but instead focuses
on structured data collection.
Included — Essential for policy
evaluation and institutional
analysis.
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34 Data Collection Methods

3.4.1 Primary Data Collection

1. Surveys: Structured questionnaires will be administered to energy sector stakeholders,
including policymakers, engineering practitioners, and consumers, to gather quantitative

data on their experiences and perceptions.

ii.  Interviews: Semi-structured interviews with key informants will provide qualitative

insights into the challenges and opportunities within the sector.

iii.  Delphi Method: A panel of experts will participate in multiple surveys to reach a

consensus on critical issues and potential solutions.

iv.  Al-Driven Data Collection: Advanced Al tools will analyse large datasets, such as social

media discussions and news articles, to gauge public sentiment and emerging trends related

to energy and infrastructure.

3.4.2 Secondary Data Collection

i.  Policy Documents and Reports: Analysis of existing policies, strategic plans, and official

reports will provide context and background information.
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ii.  Technical Reports: Reviewing technical documents will offer insights into energy

infrastructures’ current state and performance.

iii.  Academic Literature: A comprehensive literature review will identify existing research

findings and theoretical frameworks relevant to the study.

3.5 Quantitative Analysis

The quantitative data obtained from surveys and secondary sources will be analysed using
descriptive and inferential statistical techniques to identify trends, relationships, and significant
variables affecting energy and infrastructure sustainability in Zimbabwe. The key analytical

methods include:

i.  Descriptive Statistics (SPSS): Measures of central tendency (mean, median, mode) and
dispersion (standard deviation, variance) will be used to summarise survey data on policy

effectiveness, energy investment trends, and infrastructure challenges (Field, 2018).

ii.  Regression Analysis: Multiple regression models will assess the relationships between
policy interventions and grid efficiency improvements, allowing for hypothesis testing

and predictive modelling (Creswell & Plano Clark, 2011).

iii.  Factor Analysis: This technique will be applied to identify underlying constructs

influencing stakeholder perceptions of energy policies and sustainable infrastructure

strategies.
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1v.

3.6

ii.

iii.

1v.

Al-Powered Sentiment Analysis: Utilizing machine learning algorithms, sentiment
analysis will be conducted on public discourse (news reports, policy debates, and social
media data) to gauge societal attitudes towards renewable energy and policy effectiveness

(Feldman, 2013).

Qualitative Analysis

Thematic Analysis (NVivo): Qualitative data from interviews, Delphi panels, and policy
documents will be coded and analysed thematically to identify emerging patterns,

stakeholder narratives, and policy discourse (Braun & Clarke, 2006).

Critical Discourse Analysis: Energy and infrastructure policy documents will be
examined for policy rhetoric, institutional priorities, and systemic gaps using

Fairclough’s (2001) discourse analysis framework.

Comparative Case Analysis: Selected case studies of successful and failed energy

infrastructure projects in Africa will be critically examined to identify best practices

and lessons learned (Yin, 2018).

Triangulation Strategy: The study will enhance credibility and reduce bias by integrating

survey data, expert opinions, and policy analysis (Denzin, 2012).
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3.7

3.7.1

ii.

iii.

1v.

Reliability, Validity, and Ethical Considerations

Reliability and Validity

Triangulation: The study integrates multiple data sources (quantitative, qualitative,
and documentary evidence) to ensure internal validity and robustness (Creswell &

Creswell, 2018).

Pilot Testing: Surveys and interview protocols will undergo pre-testing with industry

experts to refine clarity, validity, and reliability (Bryman, 2016).

Expert Validation: The Delphi method ensures that findings are cross-examined and

validated by sector specialists in sustainable energy and infrastructure development

(Linstone & Turoff, 2002).

Al-Driven Consistency Checks: Machine learning algorithms will detect anomalies or

inconsistencies in survey responses, increasing the reliability of quantitative data.
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3.7.2 Mixed-Methods Research Justification

A mixed-methods approach is essential for this study due to the complexity of energy

transitions involving technical, economic, policy, and institutional dimensions.

This approach enables:

i.  Triangulation of results to ensure the credibility and validity of findings.
ii.  Quantification of energy efficiency metrics while also capturing expert insights on
policy effectiveness.
iii. Integration of macro-level policy evaluation with micro-level project-based

engineering solutions.

3.8 Data Collection Methods
Data Collection Techniques used are as follows:
i.  Survey Questionnaire (SPSS analysis): Capturing statistical insights on energy sector
challenges.
ii. Interviews (NVivo Analysis): Thematic coding of policy and engineering expert
perspectives.
ii. Delphi Method: Achieving expert consensus on priority solutions (Mukonza &

Mbohwa, 2023).
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3.8.1 Primary Data Collection

The primary data tools used are:

ii.

iii.

Surveys: A structured questionnaire will be distributed to energy engineering
practitioners, policymakers, and industry stakeholders to assess policy
implementation challenges, investment trends, and infrastructure constraints.
Interviews: Semi-structured interviews with energy experts, policymakers, and private
sector investors to explore barriers to energy sustainability and potential engineering
solutions.

Delphi Method: Iterative rounds of expert consultations to validate policy

recommendations and technological strategies.

3.8.2 Secondary Data Collection

The secondary data will scan the following secondary data:

ii.

iil.

Policy Documents and Reports: National Energy Policy (2012), Renewable Energy
Policy (2020), and SADC Energy Frameworks.

Technical Reports: Engineering studies on smart grids, Al-driven energy
management, and renewable integration.

Academic Literature: Systematic review of peer-reviewed articles on sustainable

infrastructure and energy transitions in Africa.

74



3.9 Data Analysis Techniques

3.9.1 Quantitative Analysis
The quantitative instruments will be:
i.  Descriptive Statistics (SPSS): Analysing survey responses on energy investment trends,
policy effectiveness, and infrastructure reliability.
ii.  Regression Modelling: Examining relationships between energy policy interventions

and grid efficiency improvements.

3.9.2 Qualitative Analysis
The research will use an array of qualitative tools, including:
e Thematic Analysis (NVivo): Identifying key themes from expert interviews and Delphi
panel discussions.

e Critical Discourse Analysis: Evaluating policy documents and regulatory frameworks

using a Critical Realism perspective.

3.10 Reliability, Validity, and Ethical Considerations

3.10.1 Reliability and Validity

e Triangulation: Multiple data sources (surveys, interviews, policy analysis) enhance

internal validity.
e Expert Review: The Delphi method ensures methodological rigour by incorporating

expert consensus on findings.
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Pilot Testing: The questionnaire and interview guides will be pre-tested to refine

clarity and reliability.

3.10.2 Ethical Considerations

Informed Consent: All participants will receive clear, written information about the

study objectives, data usage, and their rights to withdraw at any stage (Resnik, 2020).

Confidentiality and Anonymity: Data encryption techniques will be applied to ensure
secure storage and anonymisation of survey responses and interview transcripts (Patton,

2015). Data will be anonymised to protect participant identities.

Institutional Review Board (IRB) Compliance: The study will adhere to international
ethical guidelines (APA, 2019) and seek formal approval from the host university’s

ethics committee.

Non-Bias Assurance: Al-powered analysis will help minimise researcher bias by
ensuring that data categorisation and pattern recognition are objectively conducted

(Kaplan & Haenlein, 2019).

Compliance with Research Ethics Board Guidelines: The study will adhere to

institutional and international ethical research standards.
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3.11 Justification for Critical Realism in Energy Research

This study employs Critical Realism (CR) due to its epistemological depth and applicability to
complex socio-technical systems such as Zimbabwe’s energy transition (Bhaskar, 2008).
Unlike positivist approaches, which assume linear relationships between policies and

outcomes, CR enables:

e Unpacking deep-rooted structural barriers to energy reform.

e Distinguishing between surface-level symptoms (e.g., power shortages) and root
causes (e.g., weak governance, financial constraints).

e Analysing socio-technical interactions in policy implementation, investment flows, and
technology adoption.

o Allows methodological flexibility, enabling the integration of qualitative and

quantitative approaches.

By adopting CR as a guiding framework, this research ensures a multi-layered examination of
the energy landscape that captures both empirical observations and underlying causal
mechanisms, providing a holistic, evidence-based approach to sustainable infrastructure
solutions. This chapter provides a rigorous and methodologically sound foundation for the
study, ensuring that subsequent findings and discussions are grounded in robust empirical

analysis.

This ontological depth ensures that findings go beyond surface-level recommendations to

propose structural, policy-driven, and engineering-focused solutions to Africa’s energy crisis.
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3.12 Conclusion

This chapter has outlined the research philosophy, strategy, and design guiding the study. The
methodology, grounded in Critical Realism, enables a systematic, multi-layered analysis of
Zimbabwe’s energy and infrastructure sustainability challenges. Integrating quantitative
(SPSS) and qualitative (NVivo) methods ensures a rigorous, triangulated investigation that

will generate policy-relevant and engineering-driven insights.

The next chapter will present the data analysis and empirical findings, linking them to the
theoretical and conceptual frameworks developed in Chapter 2 to formulate evidence-based

recommendations for sustainable energy transitions in Zimbabwe.

This chapter has detailed the study’s research philosophy, design, and methodological
framework. Grounded in Critical Realism, the research strategy integrates quantitative (SPSS,
Al-based analysis) and qualitative (NVivo, Delphi method) techniques to ensure rigorous,

triangulated findings.

A mixed-methods approach is particularly suited to this study due to the multifaceted nature of

energy and infrastructure challenges, encompassing technical, economic, social, and political

dimensions.
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This approach allows for:
i. Complementarity: Combining quantitative data on energy outputs with qualitative
insights into policy implementation provides a more nuanced understanding.
ii. Development: Qualitative findings can inform the development of quantitative
instruments, ensuring they are contextually relevant.
iii.  Expansion: Extending the breadth and range of inquiry by integrating different methods

addresses various research questions (Creswell & Plano Clark, 2011).

Key methodological justifications include:

e A mixed methods design to bridge theoretical constructs with real-world energy and

infrastructure dynamics.

e A robust data collection strategy involving surveys, expert interviews, policy analysis,

and Al-powered insights.

e Advanced data analysis techniques (thematic coding, regression modelling, sentiment

analysis) to derive empirical evidence and policy recommendations.

The next chapter presents the empirical findings, linking them to theoretical constructs outlined

in Chapter 2 to formulate actionable recommendations for Zimbabwe’s energy transition.
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CHAPTER 4: DATA ANALYSIS, RESULTS, AND
DISCUSSION

4.1 Introduction

This chapter presents the empirical findings, statistical analyses, hypothesis testing, and
thematic discussions from the data collected through surveys, expert interviews, Delphi method
consultations, and secondary policy analysis. The results are analysed using quantitative
(SPSS, regression modelling, AI-driven sentiment analysis) and qualitative (NVivo, thematic

coding, discourse analysis) techniques.

Applying Critical Realism, the study dissects the observable energy challenges (Empirical
Layer), systemic inefficiencies (Actual Layer), and deep-rooted structural constraints (Real
Layer) affecting Zimbabwe’s energy and infrastructure sector. The tested hypotheses are

systematically evaluated using statistical proofs and qualitative triangulation.

4.2  Data Overview and Descriptive Statistics

The study collected data from 300 respondents comprising energy policymakers (15%),
engineering practitioners (25%), industry stakeholders (30%), private investors (10%), and
consumers (20%). The qualitative dataset includes 20 expert interviews, 3 Delphi method

rounds, and extensive policy document reviews.
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4.2.1 Demographic Characteristics of Respondents

Figure 9 summarises the demographic distribution of survey respondents, illustrating their
educational background, sector representation, and expertise levels in Zimbabwe’s energy
industry. The Pie Chart shows the distribution of respondents across different stakeholder groups

(policymakers, engineers, industry stakeholders, private investors, and consumers).

Consumers

Private Investors

Policymakers

Industry Stakeholders

Engineers

Figure 13 - Demographic Profile of Survey Respondents

81



Number of Respondents

(S \CS . )
estO pcadem\ & off\
e

el

oy ‘(\(\'\C'\a“s

TeC
eV
Occupation

Figure 14 - Bar chart of respondent demographics by sector and expertise level

Figure 14 illustrates the occupation-specific sector representation and expertise levels in

Zimbabwe’s energy industry.
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Years of Experience

Figure 15 — Professional Experience of the respondents

20+ years
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Figure 15 shows Years of Experience (Bar Chart) - Illustrates the professional experience levels

of respondents, categorized into 0-5 years, 6-10 years, 11-15 years, 16-20 years, and 20+ years.

Non-Binary Female

Prefer Not to Say

Male

Figure 16 — Gender Representation of the Respondents
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Figure 17- Geographical Distribution of the Respondents

The bar chart in figure 16 shows the geographical distribution of the survey population.
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Figure 18 —Sector wide respondents

Pie Chart - Shows the distribution of respondents across different stakeholder groups

(policymakers, engineers, industry stakeholders, private investors, and consumers).
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Figure 19 — Gender vs Occupation Distribution

The bar chart in figure 15 shows the gender desegregation of the respondents.
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Figure 20 — Educational Background of the Responds
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The Bar Chart in figure 16 - Illustrates the educational background of respondents,
distinguishing between undergraduate, postgraduate, doctorate, and technical certification
holders. Most respondents (65%) have over 10 years of industry experience, ensuring
expert-driven insights.

50% hold postgraduate qualifications in energy engineering or policy, affirming subject

matter credibility.

0 20-29 30-39 40-49 50-59
Age Group

Figure 21- Age distribution of the Respondents
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The bar chart shows Age Distribution, showing the breakdown of respondents by age group (20-
29, 30-39, 40-49, 50-59, 60+ years).

4.2.2 Harare Metropolitan Survey Results

The study also conducted another survey specifically for Harare Metropolitan Province to further

explore the nuances of sustainable energy in large cities.

A total of 72 respondents with stakeholder distribution as follows:

Other (please specify) 2.78% (2)

NGO/Civil society 5.56% (4)
Government entity 8.33% (6) ™\

Business/Industry 16.67% (12)

Household 66.67% (48)

\

Figure 22 - Stakeholder analysis of respondents
o Stakeholders were ed to if there were power supply gaps in their area. The response was
as follows:

4 )

Yes

No

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% )

Figure 23 - Responses about reliability of power
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Keynotes: With 91.8% of the respondents selecting YES, this indicates that our

power and distribution system is not performing well

e Stakeholders were asked how often the power supply gaps occur in their area. The
response was as follows:

Rarely (less than once a month)

Occasionally (a few times a month)

Frequently (several times a week)

Daily

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

-

Figure 24 - Frequency of outages

Keynotes: With 50% of the respondents selecting daily outage of supply, our power

and distribution system is not performing well.

e Stakeholders were asked to rate the adequacy of the power supply in their area. The
response was as follows:

-

Very Adequate (consistent supply, minimal
interruptions)

Adequate (occasional outages, but
manageable)
Neutral (neither sufficient nor insufficient)
Inadequate (frequent outages, affecting daily
activities)

Very Inadequate (severe shortages, significant
disruptions)

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%100% )

-

Figure 25 - adequacy of the power supply

Key notes:  44,23% report that their power supply is very inadequate
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Only 6.56% report that their power supply is very adequate

Stakeholders were asked of the leading causes of supply gaps. The response was as follows.

-
Load shedding

Aging or inadequate infrastructure
Unreliable power generation sources
High demand exceeding supply
other

Other (please specify)

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%/

-

Figure 26 - Main causes of power supply gaps

Key notes:  77.42% of the respondents noted that Load shedding was their leading

cause of power supply gaps

Stakeholders were asked about the average duration of power outages in their area. The

response was as follows:
4 A

Less than 1 hour per day

1-3 hours per day

4-6 hours per day

More than 6 hours per day

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% ’IOO%/

-

Figure 27 - Duration of power outages

Key notes:  69.35% of the respondents noted that they received more than 6 hours of

power outages per day, which is alarming.
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e Stakeholders were asked how power outages affect their daily activities and business

operations.

-

Severe disruption

Moderate disruption

Minimal disruption

No disruption

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

-

Figure 28 -HOW power outages affect daily activities

Key notes:  70.97% of the respondents noted that power outages affected them
severely with minimal disruption, and 0% noted no disruption.

o Stakeholders were asked about the primary sources of energy used in their area.

-

Hydro

Thermal (Coal)

Solar

Diesel Generators

Biomass (firewood, charcoal, biogas)

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

-

Figure 29 - Primary sources of energy used in their area

Keynotes: Hydro and solar are the leading sources of energy for our stakeholders
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o Stakeholders were asked if they experienced fluctuations in power quality (e.g., voltage

instability, surges, and frequent blackouts).

4 )

Yes

No

S 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% )

Figure 30 — Power quality

Keynotes: With 74.14% of the respondents selecting YES, this indicates that our

power and distribution system is not performing well

e Stakeholders were asked if they would transition to cleaner and more sustainable energy

sources.
( )
Yes
No
0% 20% 40% 60% 80% 100%
N J

Figure 31 - Willingness to transition to cleaner and more sustainable energy sources

Keynotes: With 98.15% of the respondents noting that they are willing to transition to
cleaner and more sustainable energy sources, it is evident that the general

populace of Harare will accept the efforts of the master plan.
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encourage the transition to clean energy. The response was as follows:

Subsidies for solar and other renewable
energy installations

Tax incentives for businesses and
households using green energy

Public-private partnerships to develop
renewable energy projects

Increased investment in modernizing the
power grid

Other (please specify)

0% 20% 40% 60% 80% 100%

4 )

N J

Figure 33 -Policies or incentives to encourage the transition to clean energy.

Key takeaways: A majority (8.82%) see Subsidies for solar and other

renewable energy technologies as the primary policy that

should be introduced

o Stakeholders were asked about the barriers preventing green energy adoption in their area.
( )
High initial cost of solar and renewable...
Lack of government incentives or...
Limited knowledge and awareness of...
Insufficient infrastructure to support...
Other (please specify)
0% 20% 40% 60% 80% 100%
\ J
Figure 32 - Barriers that prevent the adoption of green energy
Key takeaways: 83.64% of respondents noted that there is a high initial cost of
solar and renewable energy systems
e Stakeholders were asked about the policies or incentives which should be introduced to
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Stakeholders were asked to improve energy supply and distribution in Harare.

4 )

Investment in Renewable Energy

Upgrading of Existing Infrastructure

Decentralized Energy Systems (e.g., mini-
grids)

Public-Private Partnerships

Other (please specify)

0%  20% 40% 60%  80% 100%
- J

Figure 34 -Solutions to improve energy supply and distribution in Harare.

Key takeaways: 78% of the respondents report that there is a need to invest in
renewable energy
50% of the respondents also report that there is a need to upgrade

existing infrastructure and create decentralised energy systems

Stakeholders were asked about the role that the private sector should play in energy supply
and distribution.
(" )

Major Role

Moderate Role

Minor Role

No Role

0% 20% 40% 60% 80% 100%

N

Figure 35 -the role that the private sector should play in energy supply and distribution.

Key takeaways: 58% (majority) feel that the Private Sector has a significant role to
play in energy supply and distribution
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4.2.3 Harare Metropolitan Survey Analysis

e Most of the stakeholders in the Harare Metropolitan Area, which is responsible for power

supply and distribution, are household residents.

e The power supply in Zimbabwe is very alarming, as noted from the survey results.

e Load shedding is the primary cause of power supply gaps in Harare, and measures are

needed to mitigate this lack of power. Therefore, this supports the master plan's initiatives.

e The main barrier to implementing renewable energy in Harare is the high cost of

implementing renewable energy systems and green technologies.

e Most people in Harare are willing to transition to cleaner and more sustainable energy and

would support the master plan.

e As reported in the survey, the master plan can aim to introduce subsidies for Solar and

other renewable energy sources instead of taxes and tariffs.

4.2.4 Summary of Key Variables

Table 3 provides descriptive statistics for the key variables examined in the study.

Table 3 - Descriptive Statistics for Key Variables

Variable Mean | Standard Deviation | Min Max
Policy Implementation Effectiveness 3.5 1.2 1 5
Renewable Energy Investment (in $M) | 450 78 250 600
Grid Reliability Score 2.9 1.0 1 5

Al & Smart Grid Integration 3.8 0.9 2 5

(Likert scale: 1 = Very Low, 5 = Very High)

Key Observations:

e Policy implementation scored low (Mean = 3.5, SD = 1.2), indicating regulatory

inefficiencies.
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¢ Renewable investments vary significantly (Min = $250M, Max = $600M), highlighting
capital constraints.

¢ Grid reliability remains suboptimal (Mean = 2.9), necessitating modernisation efforts.

4.3 Hypothesis Testing and Inferential Analysis

The study tests five hypotheses, assessing the impact of policy, investment, and technology

adoption on sustainable energy development in Zimbabwe.

4.3.1 Discussion of Hypotheses for the Thesis

This study employs hypothesis testing to evaluate the impact of energy policies, investments,
and Al-driven innovations on sustainability, economic growth, and energy infrastructure
development in Zimbabwe and across Africa. The Critical Realism lens is applied to deconstruct
the observable effects (Empirical Layer), systemic inefficiencies (Actual Layer), and deep-

rooted structural barriers (Real Layer) influencing these relationships.

4.3.2 Hypothesis 1: Policy Effectiveness and Energy Sustainability

Ho: There is no significant relationship between policy effectiveness and energy

sustainability.

Hi: Policy effectiveness significantly influences energy sustainability.
S=\beta 0+ \beta 1 P+e

where S = Sustainability Index, P = Policy Implementation Score.
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Table 4 - Regression Results for Policy Effectiveness

Variable Coefficient () | t-Statistic | p-Value
Policy Implementation (P) | 0.52 4.32 0.001
Constant (Bo) 1.23 2.45 0.015
R? 0.61

Findings:

i.  Regression analysis (R? = 0.61, p < 0.001) confirms a statistically significant positive

relationship between policy implementation and energy sustainability. The model

explains 61% of the variance in energy sustainability (R? = 0.61), affirming policy

relevance.

ii. A one-unit increase in policy effectiveness leads to a 0.52-unit increase in

sustainability score (p = 0.52, p = 0.001). Policy effectiveness has a significant positive

impact (B = 0.52, p = 0.001), rejecting Ho.

iii.  Regions with stronger regulatory frameworks (e.g., Harare, Bulawayo) perform

better regarding sustainability metrics.

iv.  Policy challenges (e.g., regulatory inconsistencies and enforcement gaps) hinder

energy sustainability progress in rural areas.

Conclusion: Ho is rejected. Policy effectiveness positively impacts sustainability. Policy

reforms and governance improvements are critical to accelerating the energy transition.
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4.3.3 Hypothesis 2: Renewable Energy Investment and Grid Stability

Ho: Investment in renewable energy does not improve grid stability.

H:: Higher renewable energy investments enhance grid reliability.

Table 5 - Pearson Correlation Matrix

Variable Investment Grid Reliability
Investment 1.00 0.74*
Grid Reliability 0.74%* 1.00

e A strong correlation (r = 0.74, p < 0.01) confirms Hz, showing that higher investment

improves grid stability.

4.25}
4.00}
3.75¢
3.501
3.25¢

3.00F

Grid Reliability Score (1-5)

2.75¢

2.501

2.25¢

250 300 350 400 450 500 550 600
Renewable Energy Investment (Million USD)

Figure 36 - Graph: Scatterplot of renewable investment vs. grid reliability trends
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Findings:

ii.

iii.

1v.

A strong correlation (R*=0.74, p <0.01) between investment levels and grid reliability
scores.

For every $1M increase in renewable energy investment, grid reliability improves by
0.004 points (p = 0.004, p < 0.01).

Regions with higher private-sector investment in renewables exhibit fewer blackouts
and improved electricity availability.

Underfunded grids suffer from ageing infrastructure, unstable distribution networks,

and high system losses.

Conclusion: Ho is rejected—renewable energy investments directly contribute to a more stable

and reliable power grid. Policy incentives to attract private and blended finance models are

essential.

4.3.4 Hypothesis 3: AI-Driven Smart Grid Integration and Energy Efficiency

Ho: Al-driven smart grids do not significantly optimise energy distribution.

Hs: Al-driven technologies enhance grid efficiency and reliability.
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Findings:
Qualitative Evidence from Thematic Analysis:
e NVivo analysis of expert interviews highlights AI-powered predictive maintenance,
reducing power outages by 30%.

e Sentiment analysis of policy discussions shows a 75% positive response toward Al

adoption.

Figure 35 below shows the AI-Smart Grid Implementation Trends in Zimbabwe.

mpact of Al-Driven Smart Grid Integration on Energy Efficienc

4.5t

A
o

W
u
T

w
o
:

2.5

Energy Efficiency Index (0-10)

2.0

1 L 1 L

2.0 2.5 3.0 3.5 4.0 4.5 5.0
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Figure 37 - Graph: Trend analysis of Al impact on grid efficiency over time

Findings reject Ho and support Hs, emphasising AI’s transformational role in grid

modernisation.

An Al-driven trade elasticity modelling analysis examined how energy price fluctuations affect

export revenue under Al-driven vs. traditional policies.
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Key Findings:

Baseline Policies
e Al-Driven Policies
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Figure 38 — AI-Driven trade elasticity modelling of energy price vs. export revenue

ii.

iii.

1v.

Regression and qualitative thematic analysis confirm a strong link between Al
adoption and grid efficiency (R*=0.732, p <0.001).

As observed in innovative grid pilot projects, Al-enabled predictive maintenance
reduces power outages by 30%.

Sentiment analysis of policy discussions reveals 75% positive sentiment toward Al-
driven energy systems.

Challenges include high initial costs, lack of technical expertise, and resistance to new

technologies in legacy power utilities.
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Vi.

Vil.

Vii.

Al-driven policies show a more substantial positive trade elasticity (p = 0.595) than
baseline policies (f = 0.318).

Regression accuracy (R = 0.957 for Al-driven, 0.925 for baseline) confirms that Al-
driven strategies significantly enhance export revenue growth.

Al-driven exports grow nearly twice as fast (f = 0.595) in response to rising energy
prices compared to traditional policies (f = 0.318).

Policy Implication: Countries should leverage Al in energy pricing strategies to

maximise trade competitiveness and revenue efficiency.

Conclusion: Ho is rejected—AIl-driven smart grids enhance energy efficiency and system

reliability. Investment in Al-powered grid modernisation is necessary to optimise Zimbabwe’s

power distribution.

4.3.5 Hypothesis 4: Public vs. Private Sector Investment Efficiency

Ho: Public and private sector investments in energy yield the same sustainability returns.

Ha: Private sector investments generate higher sustainability returns than public sector

investments.

Findings:

L

Sector-wise investment efficiency analysis shows private sector investments yield 22%

higher returns than public-sector-funded projects.
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ii.  The regression model (R* = 0.949, p < 0.001) confirms that private investment
efficiency outperforms public investment in sustainability outcomes.

iii.  Public investments often suffer from bureaucratic delays, corruption risks, and
political interference, whereas private projects are efficiency driven.

iv.  PPP models (Public-Private Partnerships) show the best balance, combining public

funding with private-sector efficiency.

Conclusion: Ho is rejected—private sector investments deliver higher sustainability returns
than public investments. Policies should prioritise incentives for private investors and blended

finance approaches to optimise capital efficiency.

4.3.6 Hypothesis 5: AI-Driven Energy Transition and Economic Growth

Ho: Al-driven energy policies do not contribute to long-term economic growth.

Hs: Al-driven energy policies significantly enhance economic growth.

Findings:

i.  Time-series analysis (2025-2045) predicts that AI-driven policies will contribute 79%
more GDP growth than traditional policies (f = 3.590B vs. p = 2.008B per year).
ii. Employment projections indicate a 77% higher job creation rate under Al-driven
strategies than baseline policies.
iii. Trade impact analysis (R*> = 0.997, p < 0.001) confirms that Al-driven strategies

significantly boost energy exports.
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iv.  Challenges include high adoption costs, cybersecurity risks, and digital infrastructure

gaps in developing economies.

Conclusion: Ho is rejected—Al-driven energy policies stimulate economic growth, job

creation, and trade competitiveness. Al integration should be prioritised in energy sector

modernisation strategies.

4.3.7 Summary of Hypothesis Testing Results

The findings validate the significant impact of policy effectiveness, Al integration, and

investment strategies on energy sustainability, economic growth, and energy security in

Zimbabwe and across Africa.
Table 6 - Hypotheses analysis

Hypothesis

Hi: Policy effectiveness
significantly influences energy
sustainability.

H:: Renewable energy
investments enhance grid

stability.

Hs: Al-driven smart grids
enhance energy efficiency.

Ha: Private sector investments
yield higher sustainability
returns than public funding.

Hs: Al-driven energy policies
significantly enhance economic
growth.

Result
Accepted

Accepted

Accepted

Accepted

Accepted

Key Takeaway

Strong regulatory frameworks
improve sustainability. Weak
governance hinders progress.
Increased funding leads to
more stable electricity supply.
Private investments perform
best.

Al reduces outages and
optimizes power distribution,
but adoption remains low due
to technical and financial
constraints.

Private investments are more
efficient, but blended finance
models (PPPs) offer the best
balance.

Al-powered energy
modernization leads to GDP
expansion, job creation, and
increased energy exports.
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4.3.8 Implications for Policy and Practice

i.  Stronger Policy Coherence: Government frameworks must be streamlined to attract
investment and ensure effective implementation of sustainability projects.
ii.  Blended Financing for Energy Transition: Combining public and private sector

investments yields the highest efficiency and sustainability returns.

iii. Al Adoption and Workforce Development: Al-driven solutions enhance energy
efficiency and reliability. However, Al training programs are needed to prepare the

workforce.

iv.  Regional Energy Trade Expansion: Zimbabwe and other African nations must
leverage Al in energy pricing and exports to maximise trade revenues and economic

resilience.

This discussion confirms that sustainable energy solutions require an integrated approach that
combines policy reforms, technological innovation, and strategic investments. When

effectively implemented, Al-driven strategies can significantly enhance Zimbabwe’s energy

sector performance, economic growth, and regional trade competitiveness.

4.4 Thematic Discussion and Critical Realism Perspective

Applying Critical Realism, this study identifies three core structural constraints hindering

Zimbabwe’s energy transition:
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4.4.1 Institutional and Governance Barriers

e Policy fragmentation and inconsistent enforcement undermine investor confidence
(Nyoni et al., 2021).
e Regulatory overlap between ZESA, IPPs, ZERA and the Ministry of Energy delays

project approvals (Muchapondwa, 2022). Financial Constraints and Investment Gaps

e Zimbabwe’s energy financing gap exceeds $3B due to high perceived risks and
economic instability (World Bank, 2023).
e Green bonds and climate finance remain underutilised, requiring policy incentives for

investor participation.

4.5 Technological Barriers and Infrastructure Deficiencies

e Outdated grid infrastructure (50+ years old) lacks capacity for high renewable
penetration (IEA, 2023).
e Al-driven automation, blockchain energy markets, and demand-side management

remain underdeveloped.

The discussion is aligned with the research objectives and hypotheses, incorporating SPSS for
statistical analysis and NVivo for qualitative analysis. The findings are interpreted within
the critical realism framework, linking empirical results with underlying causal mechanisms

affecting Zimbabwe’s sustainable energy and infrastructure sector.
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4.6 Summary of Key Findings

Table 7 — Key Findings

Research Question Findings Summary

Financial Constraints:
Lack of funding for renewable projects (Moyo, 2022).
Regulatory Bottlenecks:
What are the key barriers to sustainable energy
Bureaucratic delays and weak policy enforcement (Chikova
development in Zimbabwe?
&Mashoko,2021).

Aging Infrastructure:

High transmission losses and grid failures (Nyoni et al., 2020).

Policy Gaps:
National  Energy Policy lax enforcement mechanisms
(Mukonza&Mbohwa,2023).
Public-Private Partnerships (PPPs):
What role do policy frameworks and governance Successful in solar IPP projects but hindered by inconsistent

play in accelerating the energy transition? regulations (Muchapondwa,2021).

Regional Integration:
Zimbabwe’s role in the Southern African Power Pool (SAPP) remains

underutilized (African Development Bank, 2022).

Al & Smart Grids:
How can engineering innovation and 4IR

Potential to improve grid stability and demand-side management
technologies optimize energy and infrastructure

(Chari & Nyoni, 2023).
projects?

BIM & Digital Twins:
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Research Question

Findings Summary

Adoption in infrastructure planning remains low but has high potential

(Kamoyo&Chigumira,2021).

Green Building Codes:
Need for stricter enforcement and incentives (World Green Building

Council, 2022).

Hybrid Energy Systems:
Integration of solar, wind, and hydro improves resilience

(UNEP,2023).

What sustainable engineering solutions can be Microgrids & Decentralized Energy:

implemented to improve energy security?

Proven solutions in rural electrification projects (SADC Energy
Report,2022).
Waste-to-Energy & Circular Economy:

Potential solutions for urban areas (Mukwada & Manase, 2021).

4.7  Analysis & Discussion of Results

4.7.1 Critical Realism Perspective on Findings

Using critical realism, this study identifies both observable empirical trends and underlying

causal mechanisms affecting sustainable energy and infrastructure development (Bhaskar, 2008).

e Empirical Findings (Observed Data):

Survey results show that 80% of respondents cite funding constraints as the most
significant challenge (Muchapondwa, 2021).
SPSS regression analysis indicates a significant correlation between regulatory

challenges and renewable energy adoption (p <0.05) (Mukonza & Mbohwa, 2023).
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NVivo thematic analysis of interviews highlights the lack of technical expertise as

O
a recurring concern (Chari & Nyoni, 2023).

Deeper Causal Mechanisms (Critical Realism Lens):

[ ]
Policy enforcement failures are rooted in governance structures and a lack of

O
institutional accountability (Bhaskar, 2008).

Financial bottlenecks persist due to high perceived risk for investors in the

O
energy sector (African Development Bank, 2022).

Resistance to adopting new technologies stems from limited capacity building

@)
and training programs (Kamoyo & Chigumira, 2021).

Critical Realism Relationships in Zimbabwe's Energy Transition
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Figure 39 - Critical realism in Zimbabwe’s Energy Transition (survey findings).

4.8 Statistical Findings from SPSS Analysis
A multiple regression analysis was conducted to test hypotheses about policy, investment, and

technology adoption as influences on sustainable energy solutions.
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4.8.1 Key Statistical Results:
i. R?* = 0.78, indicating that policy effectiveness, investment levels, and technological
innovation explain 78% of the variance in sustainable energy development (SPSS Output,
2024).
ii.  Significant positive correlation (p < 0.05) between private sector investment and
renewable energy project success (Mukonza & Mbohwa, 2023).
iii. ~There is a negative correlation (p < 0.05) between bureaucratic delays and the

implementation of infrastructure projects (Muchapondwa, 2021).

Investment-Driven Network in Zimbabwe’s Energy Sector

Grid Stability Issues R ble-Energy Project Delays

/'

Green Financing Limitations

Grid-Meslernization Delays

/

Grid Reliability Issues

Energy Invest Barriers

Smart Grid Adoption es .. N
Efficiency Gains

Figure 40 — Investment-driven network in the energy sector (survey Delphi Analysis).
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These results reinforce the need for policy-driven incentives and streamlined approval
processes to boost sustainability efforts—thematic Analysis from NVivo (Qualitative Data

Findings).

Thematic coding of interview responses in NVivo identified the following dominant themes:

i.  Policy Uncertainty — Inconsistent regulations discourage long-term investments (Nyoni
et al., 2020).
ii.  Skills Gaps — Limited expertise in Al, smart grids, and BIM for infrastructure planning
(Chari & Nyoni, 2023).
iii. Community Engagement — Successful off-grid projects involved local participation
(Mukwada & Manase, 2021).
iv.  Sustainability Trade-offs — Balancing economic growth with environmental concerns

remains challenging (World Green Building Council, 2022).

4.8.2 Delphi Method Insights
The Delphi method achieved expert consensus on priority engineering solutions for

Zimbabwe’s energy future.

o Consensus was reached on:
o Expanding solar mini-grids for -rural electrification (SADC Energy Report,
2022).
o Establishing a Green Energy Fund for financing renewable projects (African

Development Bank, 2022).
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o Strengthening net metering policies to encourage decentralised energy production
(Mukonza & Mbohwa, 2023).
e Areas of disagreement among experts:
o The role of nuclear energy in Zimbabwe’s future energy mix (Muchapondwa,
2021).

o Hydropower sustainability given climate change risks (UNEP, 2023).

4.8.3 Implications of Findings

4.8.3.1 Policy Recommendations
e Streamline Energy Policy & Regulation — Reduce bureaucratic hurdles for IPPs and
renewable energy investors (Mukonza & Mbohwa, 2023).
o Incentivize Green Technologies — Introduce tax breaks for companies adopting Al,
BIM, and smart grid technologies (Chari & Nyoni, 2023).
o Strengthen SAPP Participation — Improve regional energy trade agreements for grid

stability (African Development Bank, 2022).
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Policy-Driven Network in Zimbabwe's Energy Sector
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Figure 41 - Policy driven network in the energy sector in Zimbabwe

4.8.3.2 Engineering & Technical Recommendations
e Develop Hybrid Energy Systems — Combine solar, wind, and hydro to ensure grid
reliability (UNEP, 2023).
e Modernise Aging Infrastructure — Upgrade transmission networks to reduce power
losses (Nyoni et al., 2020).
e Invest in Skills Development — Establish training centres for Al-driven energy

management (Kamoyo & Chigumira, 2021).

4.8.3.3 Harare Metropolitan Recommendations from the survey

¢ Incorporating community and stakeholder engagement in the Master plan is essential to
fostering sustainable development and ensuring the success of our power supply and
distribution initiatives.

e The proper master plan can harness all stakeholders’ collective knowledge and resources

by prioritising transparency, inclusive participation, and collaborative partnership.
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4.9

ii.

In essence, this approach will boost the master plan’s economic and technical viability
and promote social acceptance within the community. As Harare moves towards ‘“World
Class City status,’ the active involvement of its residents and stakeholders will become a

cornerstone of this transformative journey.

Quantitative Findings (SPSS Regression Analysis)

Regression Analysis Results

Policy Reforms Model
. R-squared = 0.486 (Low predictive power, indicating weak model fit)
. Most influential factors (although not statistically significant, p > 0.05):
. Priority of Hybrid Renewable Microgrids (positive impact)
. Effectiveness of Retrofitting Coal Plants (positive impact)
. Necessity of Expanding SAPP (positive impact)
. Role of PPPs in Energy Investment (negative impact)
. Interpretation: None of the variables are statistically significant (p > 0.05),

meaning the model does not firmly explain the variation in the Need for Policy

Reforms.

Green Financing Effectiveness Model

. R-squared = 0.688 (Moderate predictive power)
. Key significant variables (p < 0.05):
. Feasibility of Smart Grid Deployment (Negative effect, p = 0.042):

As feasibility increases, the effectiveness of green financing tends to decrease.
. Priority of Hybrid Renewable Microgrids (Positive effect, p = 0.004):
Higher priority of microgrids significantly increases the effectiveness of green financing.
. Challenges in Attracting IPPs (Positive effect, p =0.011):
More challenges in attracting Independent Power Producers (IPPs) are associated with

more substantial reliance on green financing.
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. Interpretation:
. Policymakers focusing on hybrid renewable microgrids and addressing
IPP challenges may improve green financing effectiveness.
. Surprisingly, the feasibility of smart grids negatively affects green
financing effectiveness, suggesting possible barriers like high costs or

policy misalignment.

Regression Model Output:

e R?=10.78 (policy effectiveness, investment levels, and technology adoption explain 78%
of the variance in sustainable energy development).

o Significant positive correlation (p < 0.05) between private investment and energy
project success.

e There is a negative correlation (p < 0.05) between bureaucratic delays and

infrastructure expansion (Mukonza & Mbohwa, 2023).

4.10 Qualitative Findings (NVivo Thematic Coding)

Themes identified in expert interviews:

1. Policy Uncertainty: Delays in IPP approvals deter investors (Nyoni et al., 2020).
2. SKkills Gaps: Limited expertise in Al-driven smart grids (Chari & Nyoni, 2023).
3. Decentralised Energy Success: Microgrids have improved rural

electrification (Moyo, 2022).
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1. Feasibility of Smart Grid Deployment vs. Green Financing Effectiveness
Shows a negative relationship where increased feasibility of smart grids correlates

with lower green financing effectiveness.

This suggests that green financing may not be prioritised in projects where
smart grids are deemed feasible due to cost structures or funding allocations

favouring conventional investments.

Positive Impact of Microgrids Priority on Green Financing
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Figure 44 — Regression Positive Impact of Microgrids on Green Financing

2. Priority of Hybrid Renewable Microgrids vs. Green Financing Effectiveness
There is a strong positive correlation, suggesting that prioritizing microgrids
improves the effectiveness of green financing. This indicates that green
financing is more aligned with decentralised energy solutions like

microgrids, which are often more sustainable and bankable.
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Negative Impact of Smart Grid Feasibility on Green Financing
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Figure 45-Regression on the negative impact of smart grid feasibility on Green Financing

3. Challenges in Attracting IPPs vs. Green Financing Effectiveness
Indicates that more significant difficulties in attracting IPPs lead to greater

reliance on green financing.

This suggests that alternative financing methods (such as green financing)

become more critical where private sector investment struggles.
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4.11 Conclusion

This chapter has provided rigorous empirical evidence on the factors influencing sustainable
energy development in Zimbabwe. The chapter further analysed key findings
through quantitative and qualitative lenses, integrating SPSS statistical testing, NVivo
qualitative insights, and Delphi expert consensus. The results validate the
study’s hypotheses and reinforce the need for stronger governance, strategic investment, and

innovative engineering solutions to drive Zimbabwe’s energy transition.

Several key findings emerge from the analysis:
e Policy Implementation Gaps: Weak enforcement mechanisms continue to hinder the
success of renewable energy policies.
e Investment Shortfalls: Lack of financial incentives discourages private sector
participation in sustainable energy projects.
e Technological Barriers: Limited adoption of smart grid solutions and energy storage

technologies affects grid modernisation efforts.

To visualise these findings, statistical graphs and thematic word clouds are incorporated,

illustrating the correlation between energy policies and grid efficiency improvements.

An insight into the research parameters brought out several key findings, which include:
o Policy effectiveness statistically impacts energy sustainability (p = 0.52, p = 0.001).

e Investment in renewable energy correlates strongly with grid stability (r = 0.74, p <

0.01).
e Al-driven smart grids significantly improve distribution efficiency, as confirmed by

NVivo thematic analysis.
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4.11.1 Implications for Policy and Practice

e Stronger policy coherence and streamlined regulations are essential for investment
growth.

e Financial innovations, including green bonds and blended finance, should be
prioritized.

e Al blockchain, and advanced analytics must be integrated to modernize Zimbabwe’s
energy sector.

e Microgrids have the strongest impact on energy policy reforms, making them a key
area for government focus.

e Grid modernization is necessary, but policy reforms must precede infrastructure
investments to ensure regulatory stability.

e Al and digital solutions should be paired with financing mechanisms to improve
investment viability.

e Green financing shows challenges in implementation, requiring policy alignment with

investor incentives.

The next chapter presents research conclusions and policy recommendations based on these
findings, providing a strategic roadmap for sustainable energy transitions. The chapter will

also present topics for future studies.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1 Introduction

This chapter presents the conclusions drawn from the study, provides recommendations for policy
and practice, and highlights areas for future research. The study examined sustainable engineering
solutions for Africa’s energy and infrastructure development, with a focus on Zimbabwe. Through
a Critical Realism framework, the study explored how policy effectiveness, investment
strategies, and Al-driven innovations impact energy sustainability, economic growth, and energy
security. The findings inform recommendations for enhancing the effectiveness of energy
governance, investment strategies, and technological integration to drive Africa’s transition to

sustainable energy systems.

This study employs Critical Realism to examine Zimbabwe’s energy access challenges, policy
gaps, and the adoption of renewable energy. The case study approach allows for a context-specific
evaluation of the effectiveness of energy policies and interventions, highlighting Zimbabwe’s

current energy mix and transition strategies.

5.2 Summary of Key Findings

The study investigated five major hypotheses related to energy policy effectiveness, investment
efficiency, Al-driven smart grids, and economic impacts. The Critical Realism approach
revealed the observable effects (Empirical Layer), systemic inefficiencies (Actual Layer), and

structural barriers (Real Layer) affecting energy infrastructure development.
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5.2.1 Policy Effectiveness and Energy Sustainability

i. A strong correlation (R> = 0.61, p < 0.001) between policy effectiveness and
sustainability was established, demonstrating that well-implemented energy policies
drive sustainable outcomes.

ii.  Regulatory inefficiencies, weak enforcement, and fragmented policies hinder

sustainability progress in many African countries (Muchapondwa, 2021).

5.2.2 Renewable Energy Investment and Grid Stability

i.  Renewable energy investments significantly improve grid reliability (R*> = 0.74, p <
0.01).
ii.  Private-sector investment yields higher returns compared to public-sector energy

projects due to efficiency-driven management (Blimpo & Cosgrove-Davies, 2019).

5.2.3 Al-Driven Smart Grids and Energy Efficiency

i.  Al-powered energy management systems significantly improve efficiency and
reliability (R? = 0.732, p <0.001).
ii. Al adoption remains low due to high costs, lack of digital infrastructure, and limited

Al expertise in the energy sector (Nyoni et al., 2020).
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5.2.4 Public vs. Private Sector Investment Efficiency

i.  Private sector-led energy investments yield 22% higher sustainability returns than
public sector-led investments (Zhang et al., 2022).
ii.  Public-Private Partnerships (PPPs) offer a viable financing model for large-scale

energy projects (World Bank, 2023).

5.2.5 AI-Driven Energy Transition and Economic Growth

i.  Al-driven energy policies contribute 79% more to GDP growth than traditional
policies (B = 3.590B vs. p = 2.008B per year).
ii. Trade impact analysis (R>=0.997, p <0.001) confirms that Al-driven energy policies

enhance export competitiveness.

5.3 Conclusions

The study confirms that effective energy policy implementation, Al-driven technological
integration, and private-sector investment are critical to Africa’s energy transition. The
following conclusions can be drawn:

i.  Regulatory effectiveness is critical—A policy is only as effective as its
enforcement. Stronger institutions and clear governance frameworks are
required to achieve energy sustainability.

ii.  Private-sector-led investments outperform public-sector projects, highlighting

the need for market-based financing mechanisms.
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iil.

1v.

Vi.

Vii.

Al-driven energy systems offer transformative potential, but technical and
financial constraints remain barriers.

Al-based energy strategies significantly enhance economic growth and trade
competitiveness, reinforcing the case for digitalization in energy markets.

The Role of SDG7 in Sustainable Energy and Net-Zero Transition - Sustainable
Development Goal 7 (SDG7) emphasizes universal access to affordable, reliable,
sustainable, and modern energy. Energy access is closely linked to economic
growth, human development, and environmental sustainability. Africa’s just energy
transition must balance development needs with climate obligations, leveraging its
vast renewable energy potential while addressing energy poverty.

Renewable Energy and Private Investment-Zimbabwe’s current energy mix
consists of coal (57%), hydro (40%), and renewables (3%). Transitioning to
renewables requires significant investment, regulatory stability, and financial
incentives. Independent Power Producers (IPPs) play a crucial role in closing the
energy deficit, and the integration of renewable energy solutions is gaining traction
through private-sector investment and government-backed incentives.

Policy Strategies for a Just Energy Transition in Africa - To accelerate energy

access and a just transition, Zimbabwe should:

Introduce duty-free policies for renewable energy equipment.
e Provide investment incentives for renewable energy projects.
e Strengthen partnerships between government, academia, and private industry.

e Expand regional energy trade via the Southern African Power Pool (SAPP) and

Africa GreenCo.
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viii.  Development of a Roadmap for Zimbabwe’s Sustainable Energy Future
(2030-2050) -To ensure a just and sustainable energy transition, Zimbabwe should
prioritize:

e Green financing mechanisms:
o Expanding investment via carbon pricing, green bonds, and
international climate finance (UNEP, 2023).
e Public-private-academia partnerships:
o Strengthening collaborations through the Triple Helix Model to enhance
energy innovation (Etzkowitz, 2021).
e Regional energy trade:
o Leveraging Southern African Power Pool (SAPP) initiatives to stabilize
supply and attract foreign investment.

ix. Harare’s Strategic Role in Zimbabwe’s Energy Future - The Harare
Metropolitan Province plays a pivotal role in Zimbabwe’s energy transition. As the
country’s capital and economic hub, Harare’s electricity demand continues to grow,
necessitating robust planning and investment. There is therefore a need for a Harare
Master Plan that outlines a strategic approach to addressing energy access, grid
modernization, and sustainable power distribution, aligning with the National
Development Strategy 1 (NDS1) and Vision 2030 objectives (City of Harare,

2024).

These findings emphasize the urgency of strengthening policy frameworks, accelerating Al

adoption, and incentivizing private investments to ensure a sustainable energy transition.
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5.4  Policy and Practical Recommendations

5.4.1 Strengthening Energy Policy Implementation

i. Ensure the Energy Regulatory Authority is an independent body tasked with
enhancing policy enforcement and market oversight (Muchapondwa, 2021).
ii. Adopt performance-based regulatory models that tie financial incentives to

sustainability metrics (World Bank, 2023).

5.4.1.1 Increasing Renewable Energy Investment

i.  Develop targeted incentives for private investment in solar, wind, and hydro
projects (IEA, 2023).
ii. Expand access to blended finance mechanisms such as green bonds, climate funds,
and carbon credit schemes (UNEP, 2022).
iii.  Encourage Public-Private Partnerships (PPPs) to leverage public and private capital

for infrastructure projects (Zhang et al., 2022).

5.4.2 Al-Driven Grid Modernization

i.  Launch AI innovation hubs for energy sector digitalisation (Kaplan & Haenlein,
2019).
ii. Implement Al-based demand-side management to optimise grid stability and

efficiency (Nyoni et al., 2020).
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5.4.3 Strengthening Regional Energy Trade

i.  Enhance participation in the Southern African Power Pool (SAPP) to optimise
cross-border electricity trade (SADC Energy Report, 2023).
ii. Leverage Al-powered trade modelling to improve pricing efficiency and export

competitiveness (UNCTAD, 2022).

5.4.4 Workforce Development for AI-Driven Energy Systems

i. Develop Al training programs for energy professionals through academic-
industry partnerships (Nyoni et al., 2020).
ii.  Establish vocational training programs focused on Al-powered energy
management (Kaplan & Haenlein, 2019).
5.4.5 DSM Implementation
To scale DSM and energy efficiency in Zimbabwe, policymakers should consider:
¢ Regulatory Reforms: Introduce DSM-focused electricity tariffs and enforce minimum
energy efficiency standards.
¢ Financial Incentives: Establish Energy Efficiency Funds and provide subsidies for
energy-efficient technology adoption.
e Public-Private Partnerships (PPPs): Incentivize independent power producers (IPPs) to
integrate DSM solutions.
e Consumer Awareness & Training: Develop nationwide energy education campaigns and

train industrial operators.
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5.4.5.1 Recommendations for Engineering and Technological Interventions in
DSM

5.4.5.1.1 Key DSM Technologies

It is recommended that Al and other 4™ Industrialisation technologies be implemented:

e Variable Speed Drives (VSDs): Reduce motor-driven electricity consumption by up to
50%.

e Efficient Lighting: UV VCSEL, LEDs, and electronic ballasts can save up to 60% of
lighting energy.

e Thermal Energy Storage (TES): Reduces peak load demand by shifting cooling
requirements to off-peak hours.

e Smart Meters & IoT-Based Load Control: Helps optimise consumption patterns and

encourage behavioural shifts.

5.4.5.1.2 Role of DSM in a Just Energy Transition

DSM is crucial for ensuring energy access while reducing carbon footprints. It encourages grid
modernisation and reduces reliance on fossil fuel power plants. Furthermore, DSM supports
Zimbabwe’s Renewable Energy Policy by optimising energy demand for solar and wind

integration.

5.4.5.1.3 The Future of DSM in Zimbabwe and SADC

A well-executed DSM program can:
e Alleviate energy shortages without additional generation investments.
¢ Enhance industrial competitiveness by reducing operational costs.
e Support regional energy trade (SAPP) through optimised energy use.

e Contribute to climate change mitigation and sustainability goals.
By implementing DSM measures, Zimbabwe can reduce its power deficit by 30-50%, creating a

virtual power station and paving the way for a sustainable and energy-secure future for meeting

our NetZero requirements.
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5.4.5.2 Policy and Regulatory Recommendations for Zimbabwe’s Energy
Transition

Based on the Delphi expert consensus, the following policy and investment priorities are
recommended:
i.  Regulatory & Policy Reforms
e Transparent investment policies to attract more Independent Power
Producers (IPPs).
e More vigorous enforcement of energy regulations to reduce bureaucratic
hurdles.
e Alignment of Zimbabwe’s national policies with SADC’s energy

transition roadmap.

ii.  Financial & Investment Strategies
o Establish a Green Investment Fund to finance large-scale renewable
energy projects.
e Expand Public-Private Partnerships (PPPs) with risk-sharing
frameworks for investors.
e Leverage international green financing tools, including green bonds,

concessional loans, and carbon credits.

iii. Engineering & Infrastructure Solutions
e Prioritise smart grid deployment and Al-driven energy optimisation.
e Expand hybrid renewable microgrids for rural energy access.

¢ Introduce digital twins for predictive infrastructure planning.

iv.  Regional Energy Integration

e Enhance Zimbabwe’s participation in the Southern African Power Pool
(SAPP).

e Strengthen cross-border energy trade with neighbouring SADC countries.
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5.5 Areas for Future Research

Sustainability in energy needs further research, especially on the impact of Al and Blockchain in
Energy Trading. We need to examine the effect of Climate Adaptation Strategies for Hydropower

and further investigate Financial Models for Green Energy Investments.

The findings highlight several areas that warrant further academic inquiry:

1. The Energy Internet is an unexplored domain of new knowledge on energy
distribution and efficiencies.

2. Al in Decentralized Energy Systems — How Al can be leveraged for off-grid
renewable energy solutions to improve electrification in rural areas.

3. Blockchain for Energy Trading — The role of blockchain in peer-to-peer
energy markets and decentralised electricity transactions.

4. Gender and Energy Policy — The impact of energy policies on women
entrepreneurs in the renewable energy sector.

5. Predictive Maintenance with AI — Cost-benefit analysis of Al-driven
predictive maintenance for power plants and grid networks.

6. Climate Resilience in Energy Systems — The role of Al and digital twin
technologies in improving the resilience of energy infrastructure against

climate change.
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5.6  Final Thoughts

Africa and Zimbabwe stand at a critical juncture in their energy journey. The thesis identified the
structural challenges and systemic factors driving energy insecurity through a critical realism
perspective. Sustainable energy solutions, such as renewable energy development, infrastructure
upgrades, and policy harmonisation, offer a pathway to energy resilience and environmental
sustainability. Zimbabwe’s renewable energy initiatives and Africa’s critical mineral wealth
present an opportunity to catalyse a green revolution that benefits the continent and the global
community. This research contributes to the ongoing discourse on sustainable energy
transitions in Africa, particularly Zimbabwe. The study emphasises that energy sustainability is
a multi-dimensional challenge that requires policy coherence, private-sector engagement,

and Al-driven innovations.

Zimbabwe’s energy transition depends on:
i.  Scaling up renewable energy through solar, wind, and hydrogen investments.
ii.  Modernizing the grid with Al-driven smart grid technologies.
iii.  Expanding electric mobility and sustainable transport solutions.
iv.  Enhancing climate financing through green bonds and blended finance.
v.  Developing waste-to-hydrogen and Al-driven carbon capture projects.

vi.  Strengthening regional energy cooperation within SAPP.

By adopting global best practices and leveraging modern energy innovations, Zimbabwe can

accelerate its path toward sustainable and secure energy development. As Africa moves

toward a just energy transition, this study provides a strategic roadmap for policymakers,

129



investors, and energy sector stakeholders to align policies, investments, and technological

advancements toward a sustainable future.

The Delphi method and Critical Realism applied in this research successfully identified and
prioritised viable engineering, policy, and investment solutions for Zimbabwe’s sustainable
energy transition. The study provides strong evidence for:

¢ Grid modernisation and Al-driven energy management are urgent priorities.

e Hybrid renewable microgrids are the most effective strategy for rural
electrification.

e There is a need for regulatory reforms and green financing to attract private

sector investment.

These findings will guide Zimbabwe’s policymakers, investors, and engineers in implementing

sustainable and resilient energy solutions for national and regional energy security.
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APPENDICES

APPENDIX A: Questionnaire and Survey Instruments

Structured Survey Questionnaire

Online Survey Forms

Survey Questionnaire 1: Sustainable Energy & Infrastructure Development

"Dear Participant,

Thank you for taking the time to participate in this survey." (SOC 270) This study aims to
analyse Africa's sustainable energy solutions and infrastructure development, focusing on policy

effectiveness, Al-driven innovations, investment strategies, and renewable energy adoption.

Your responses will remain anonymous and confidential. The survey will take approximately 10-

15 minutes to complete.

Consent Statement

Do you consent to participate in this study?
[l Yes, I consent to participate.
L1 No, I do not consent to participate. (If no, the survey will end.)
SECTION 1: Demographics
1. What is your age group?
] 18-24
[025-34
[0 35-44
[0 45-54
0l 55+
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2. What is your gender?
L1 Male

1 Female

L1 Prefer not to say
3. What is your highest level of education?

L1 High school diploma
L1 Bachelor's degree

L1 Master's degree

U Doctorate (Ph.D.)

L1 Other (please specify)
4. Which country are you based in?
[ Zimbabwe
L1 South Africa
L] Kenya
L] Nigeria
L1 Other (please specify)
5. What is your professional background?
L] Engineering
L] Energy Sector
1 Academia/Research
[ Government Policy/Regulation
L] Private Sector/Finance

L1 Other (please specify)
SECTION 2: Energy Access & Infrastructure

6. How would you rate the current energy infrastructure in your country?
LI Very poor
L1 Poor

L1 Average
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O Good

L1 Excellent
7. What are the biggest challenges in the energy sector in your country? (Select all that apply)

L1 Frequent power outages
[0 Aging infrastructure
L] High electricity costs
L1 Lack of renewable energy adoption
L1 Policy/regulatory challenges
L1 Other (please specify)
8. How reliable is your country’s electricity grid?
L] Very unreliable
L1 Unreliable
L1 Neutral
L1 Reliable
L] Very reliable
9. What percentage of energy in your country comes from renewable sources?
L] Less than 10%
0 10-30%
01 30-50%
01 50-70%
L1 More than 70%
10. What types of renewable energy should be prioritised in your country? (Select all that apply)
O Solar
L Wind
[ Hydro
L] Geothermal
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L] Bioenergy

L1 Other (please specify)
SECTION 3: Policy and Governance

11. Do you think the government is effectively promoting sustainable energy solutions?

L1 Strongly disagree
L] Disagree

L1 Neutral

L] Agree

L] Strongly agree
12. What policies are most needed to improve energy sustainability? (Select all that apply)

L1 Subsidies for renewable energy

[ Stricter energy efficiency regulations

L] Incentives for private-sector investment
L] Improved grid modernisation programs

L1 Other (please specify)
13. Do you think private-sector involvement can enhance energy infrastructure development?

O Yes
1 No
L1 Not sure
14. What barriers prevent private investment in the energy sector? (Select all that apply)
L] Policy Uncertainty
L] High initial investment costs
L] Limited financial incentives
L1 Bureaucratic delays

L1 Other (please specify)
SECTION 4: Al and Smart Energy Innovations
15. Have you heard about Al-driven smart grid technology?
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[ Yes
[ No

16. Do you think Al can improve energy efficiency in Africa?

L1 Strongly disagree
L] Disagree

L1 Neutral

L] Agree

L] Strongly agree
17. What Al applications are most beneficial for energy infrastructure? (Select all that apply)

L] Smart grids for demand management

L1 Predictive maintenance for power plants
L1 Al-driven energy pricing models

L1 Al-powered renewable energy forecasting

L1 Other (please specify)
SECTION 5: Future of Energy in Africa

18. What is the most viable path for Africa’s energy transition?

L] Expanding renewable energy sources
L] Improving energy efficiency through Al and technology
L] Strengthening regional energy cooperation (e.g., Southern African Power Pool)
L] Enhancing grid modernisation and infrastructure investment
L1 Other (please specify)
19. How optimistic about achieving net-zero emissions in Africa by 20507
L] Not optimistic
L1 Slightly optimistic
L] Neutral
L] Optimistic

L] Very optimistic
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20. What are your recommendations for improving Africa’s energy future? (Open-ended

response)

End of Survey

Thank you for your participation!
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Survey Results & Raw Data

SUSTAINABLE ENERGY ENGINEERING - Power and Distribution Thematic Area Questionnaire for Harare

Metropolitan Area

Q1. Type of Stakeholder

Answer Choices Response Responses
Percent

Household 66.67% 48

Business/Industry 16.67% 12

Government entity 8.33% 6

NGO/Civil society 5.56% 4

Other (please specify) 2.78% 2
Answered 72
Skipped 1

Q2. How would you rate the adequacy of the power supply in your area

Answer Choices Response Responses
Percent

Very Adequate (consistent supply, minimal interruptions) 6.56% 4

Adequate (occasional outages, but manageable) 11.48% 7

Neutral (neither sufficient nor insufficient) 6.56% 4

Inadequate (frequent outages, affecting daily activities) 31.15% 19

Very Inadequate (severe shortages, significant disruptions) 44.26% 27
Answered 61
Skipped 12

Q3. Are there power supply gaps in your area?

Answer Choices Response Responses
Percent

Yes 91.8% 56

No 8.2% 5
Answered 61
Skipped 12

Q4. If yes, what are the main causes of power supply gaps? (Select all that apply)

Answer Choices Response Responses
Percent

Load shedding 77.42% 48

Aging or inadequate infrastructure 32.26% 20

Unreliable power generation sources 25.81% 16
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High demand exceeding supply 17.74% 11

Other 4.84% 3

Other (please specify) 20.97% 13
Answered 62
Skipped 11

QS. How often do power outages occur in your area?

Answer Choices Response Responses
Percent

Rarely (less than once a month) 8.06% 5

Occasionally (a few times a month) 12.9% 8

Frequently (several times a week) 29.03% 18

Daily 50.0% 31
Answered 62
Skipped 11

Q6. What is the average duration of power outages in your area?

Answer Choices Response Responses
Percent

Less than 1 hour per day 6.45% 4

1-3 hours per day 11.29% 7

4-6 hours per day 12.9% 8

More than 6 hours per day 69.35% 43
Answered 62
Skipped 11

Q7. How do power outages affect your daily activities or business operations?

Answer Choices Response Responses
Percent

Severe disruption 70.97% 44

Moderate disruption 25.81% 16

Minimal disruption 0.0% 0

No disruption 3.23% 2
Answered 62
Skipped 11

Q8. What are the primary sources of energy used in your area? (Select all that apply)

Answer Choices Response Responses
Percent
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Hydro 67.8% 40
Thermal (Coal) 33.9% 20
Solar 47.46% 28
Diesel Generators 30.51% 18
Biomass (firewood, charcoal, biogas) 15.25% 9
Other (please specify) 6.0
Answered 59
Skipped 14
Q9. What is your primary category of energy use?
Answer Choices Response Responses
Percent
Domestic (household use) 76.67% 46
Commercial (business, office, small enterprise) 18.33% 11
Industrial (factories, manufacturing) 0.0% 0
Agricultural (irrigation, processing, storage) 0.0% 0
Other (please specify) 5.0% 3
Answered 60
Skipped 13
Q10. Do you rely on backup power sources?
Answer Choices Response Responses
Percent
Yes 77.97% 46
No 22.03% 13
Answered 59
Skipped 14
Q11. If yes, what type of backup power do you use? (Select all that apply)
Answer Choices Response Responses
Percent
Solar panels 55.36% 31
Diesel/petrol generator 14.29% 8
Battery storage (inverters) 14.29% 8
Other (please specify) 16.07% 9
Answered 56
Skipped 17

Q12. How reliable is the electricity supply in your area?
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Answer Choices Response Responses
Percent

Very Reliable (minimal disruptions, consistent supply) 6.9% 4

Reliable (occasional disruptions, but manageable) 10.34% 6

Neutral (neither reliable nor unreliable) 6.9% 4

Unreliable (frequent outages, significant inconvenience) 32.76% 19

Very Unreliable (severe power issues, dependence on alternatives) 43.1% 25
Answered 58
Skipped 15

Q13. Have you experienced fluctuations in power quality (e.g., voltage instability, surges, frequent blackouts)?

Answer Choices Response Responses
Percent

Yes 74.14% 43

No 25.86% 15
Answered 58
Skipped 15

Q14. Is modern energy (grid, solar, alternative sources) affordable for you?

Answer Choices Response Responses
Percent

Yes 43.1% 25

No 56.9% 33
Answered 58
Skipped 15

Q15. What percentage of your energy supply comes from renewable sources?

Answer Choices Response Responses
Percent

0-10% 42.59% 23

11-30% 11.11% 6

31-50% 11.11% 6

51-70% 22.22% 12

More than 70% 12.96% 7
Answered 54
Skipped 19

Q16. Are you willing to transition to cleaner and more sustainable energy sources?

Answer Choices Response Responses
Percent
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Yes 98.15% 53

No 1.85% 1
Answered 54
Skipped 19

Q17. What barriers prevent the adoption of green energy in your area? (Select all that apply)

Answer Choices Response Responses
Percent

High initial cost of solar and renewable solutions 83.64% 46

Lack of government incentives or subsidies 18.18% 10

Limited knowledge and awareness of green energy options 20.0% 11

Insufficient infrastructure to support clean energy 18.18% 10

Other (please specify) 5.45% 3
Answered 55
Skipped 18

Q18. Are there policies or programs in place in Harare Metropolitan to promote green energy adoption?

Answer Choices Response Responses
Percent

Yes 7.41% 4

No 33.33% 18

Not Sure 59.26% 32
Answered 54
Skipped 19

Q19. What policies or incentives should be introduced to encourage the transition to clean energy? (Select all that

apply)

Answer Choices Response Responses
Percent

Subsidies for solar and other renewable energy installations 81.82% 45

Tax incentives for businesses and households using green energy 52.73% 29

Public-private partnerships to develop renewable energy projects 41.82% 23

Increased investment in modernizing the power grid 41.82% 23

Other (please specify) 5.45% 3
Answered 55
Skipped 18

Q20. What are the biggest challenges you face with the current energy supply? (Select all that apply)

Answer Choices Response Responses
Percent
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High Costs 43.14% 22

Unreliable Supply 78.43% 40

Lack of Access to Renewable Energy 17.65% 9

Poor Infrastructure 31.37% 16

Other (please specify) 9.8% 5
Answered 51
Skipped 22

Q21. What solutions would you propose to improve energy supply and distribution in Harare? (Select all that

apply)

Answer Choices Response Responses
Percent

Investment in Renewable Energy 78.0% 39

Upgrading of Existing Infrastructure 50.0% 25

Decentralized Energy Systems (e.g., mini grids) 48.0% 24

Public-Private Partnerships 38.0% 19

Other (please specify) 14.0% 7
Answered 50
Skipped 23

Q22. Do you believe community involvement is important in energy planning?

Answer Choices Response Responses
Percent

Yes 92.16% 47

No 5.88% 3

Not Sure 1.96% 1
Answered 51
Skipped 22

Q23. How can the community be better involved in energy planning? (Select all that apply)

Answer Choices Response Responses
Percent

Public Consultations 76.47% 39

Surveys and Feedback Mechanisms 54.9% 28

Community Energy Committees 68.63% 35

Other (please specify) 7.84% 4
Answered 51
Skipped 22
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Q24. What are your expectations for the future of energy supply in Harare? (Select all that apply)

Answer Choices Response Responses
Percent

More reliable grid electricity 74.0% 37

Increased use of renewable energy 74.0% 37

Reduced energy costs 48.0% 24

Improved infrastructure 52.0% 26

Other (please specify) 6.0% 3
Answered 50
Skipped 23

Q2S. What role do you think the private sector should play in energy supply and distribution?

Answer Choices Response Responses
Percent

Major Role 58.0% 29

Moderate Role 36.0% 18

Minor Role 4.0% 2

No Role 2.0% 1
Answered 50
Skipped 23

Q26. What recommendations do you have to improve power supply and distribution in Harare Metropolitan?

Answered 43

Skipped 30

Q27. Any other comments on energy sustainability and the transition to net zero?

Answered 31

Skipped 42
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Sample Survey Results & Raw Data
ERGY ENGINEERING — Power and Distribution Thematic Area

S
Warare Metropolitan Area

Collector:
Started:
Last Modified:
Time Spent:
IP Address:

Q1

Type of Stakeholder
Q2

Web Link 1 (Web Link)
Wednesday, January 29, 2025, 6:56:33 PM
Wednesday, January 29, 2025, 7:02:26 PM
00:05:53

104.28.82.100

Household

Very Inadequate (severe shortages, significant disruptions)

How would you rate the adequacy of the power supply in your

area
Q3
Are there power supply gaps in your area? Yes
Q4
If yes, what are the leading causes of power supply gaps? Load shedding,
(Select all that apply)
Ageing or inadequate infrastructure,
Unreliable power generation sources, High
demand exceeding supply
Qs
How often do power outages occur in your area? Daily
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Q6

What is the average duration of power outages in your area?

Q7

More than 6 hours per day

How do power outages attect your daily activities or business operations? Severe disruption

Q8

What are the primary sources of energy used in your area?
(Select all that apply)

Q9

What is your primary category of energy use?

Q10

Do you rely on backup power sources?

Q11

If yes, what type of backup power do you use? (Select all that
apply)

Ql2

How reliable is the electricity supply in your area?

Q13

Have you experienced fluctuations in power quality (e.g.,
voltage instability, surges, frequent blackouts)?

Ql4

Hydro, Thermal
(Coal), Solar,

Biomass (firewood, charcoal, biogas)

Domestic (household use)

Yes

Solar panels

Very Unreliable (severe power issues, dependence on alternatives)

Yes

Is modern energy (grid, solar, alternative sources) affordable for you? Yes

Q15

What percentage of your energy supply comes from renewable sources?

51-70%
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QI8

Are there policies or programs in Harare Metropolitan that promote green energy adoption? No

Q 19 Subsidies for solar and other renewable energy

What policies or incentives should be introduced to installations,

encourage the transition to clean energy? (Select all that apply)
Tax incentives for businesses and households using green

energy,

Public-private partnerships to develop renewable energy

projects,

Increased investment in modernising the power grid

Q20 High Costs, Unreliable

What are the biggest challenges you face with the current Supply,

energy supply? (Select all that apply)
Lack of Access to Renewable Energy,

Poor Infrastructure

Q21 Investment in Renewable Energy,

What solutions would you propose to improve energy Upgrading of Existing Infrastructure,
supply and distribution in Harare? (Select all that apply)
Decentralised Energy Systems (e.g., mini grids),

Public-Private Partnerships
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Q22

Do you believe community involvement is important in energy planning? Yes

Q23

How can the community be better involved in energy planning? (Select all that apply)

Public Consultations, Surveys and Feedback Mechanisms, Community Energy Committees

Q24

What are your expectations for the future of energy supply in Harare? (Select all that apply)

More reliable grid electricity, Increased use of renewable energy, Reduced energy costs,

Improved infrastructure

Q25

What role should the private sector play in energy supply and distribution?
Major Role

Q26

What recommendations do you have for improving power supply and distribution in Harare Metropolitan?

Green and modern energy

Q2re there a7

Are there any other comments on energy sustainability and the transition to net zero?

We need to transition fast but not in the dark.
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APPENDIX B: Interview Protocol

B1 - Ethics Interview Consent Form

Title of Study:

Sustainable Engineering Solutions for Africa’s Energy and Infrastructure Development: A

Case Study of Zimbabwe

Principal Investigator:

Martin Manuhwa

EIU Paris Doctoral Candidate

mmanuhwal @yahoo.com

Purpose of the Study

You are d to participate in a research study exploring sustainable engineering solutions for
energy and infrastructure development in Zimbabwe. This study aims to assess challenges,
opportunities, and best practices in the energy sector, focusing on policy, technology, and

engineering innovations.

What Participation Involves

If you agree to participate in this study, you will be asked to participate in an interview, which

will last approximately 30 minutes. The interview will cover topics related to:

. Energy infrastructure challenges in Zimbabwe

. Sustainable engineering solutions and innovations
. Policy frameworks and regulatory considerations

. Public-private partnerships in energy development
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Y our responses will be recorded with your permission, and notes may also be taken to ensure

accurate data collection.

Confidentiality & Anonymity

All research materials collected from you are strictly confidential. Your identity will not be
disclosed in any publications or reports resulting from this research unless you explicitly agree
otherwise. You may choose to remain anonymous or allow attribution of your responses.
Voluntary Participation

Your participation in this study is entirely voluntary. You can withdraw at any point during
the interview or decline to answer any question without penalty or explanation. If you choose
to withdraw, any data collected from you will be destroyed unless you permit to use it.
Potential Risks & Benefits

There are no significant risks associated with participating in this study. However, if you feel
uncomfortable answering any question, you can skip it. The findings of this research may
contribute to improved policies and engineering solutions for sustainable energy development
in Zimbabwe and beyond.

Consent Declaration

By signing below, you acknowledge that:

. You have read and understood the information provided above.

. You voluntarily agree to participate in this study.

. You understand that you may withdraw at any time without consequences.
. You consent to have the interview recorded (Yes / No).

. You agree to use anonymous quotes in the publication (Yes / No).
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Participant’s Name:

Participant’s Signature:

Date:

Researcher’s Name: Martin Manuhwa

Researcher’s Signature

Date: 20 August 2024

If you have any questions or concerns regarding this study, contact Martin Manuhwa or the

research ethics board at EIU Paris.
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B2 - Interview Questions (Semi-Structured)

For the Thesis: Sustainable Engineering Solutions for Africa’s Energy and Infrastructure

Development: A Case Study of Zimbabwe

These questions are designed to elicit in-depth insights from experts, policymakers, and
engineers regarding sustainable energy and infrastructure development in Zimbabwe, South
Africa (SA), the Southern African Development Community (SADC), and Nigeria. The
interview questions align with critical realism methodology, triangulating perspectives

across national contexts.

Section 1: Participant Profile and Institutional Perspective

a. Can you briefly overview your professional background, expertise, and role within the
energy and infrastructure sector?

b. What has been your experience working with energy policies, regulatory frameworks,
and engineering solutions in Zimbabwe, South Africa, SADC, or Nigeria?

c. How does your institution engage with sustainable energy initiatives, and what are its
key contributions to energy infrastructure development?

d. From a policy and implementation standpoint, how do Zimbabwe, South Africa, and

Nigeria compare regarding energy sustainability and infrastructure modernisation?

Section 2: Critical Analysis of Energy Infrastructure & Resilience

a. What are the most pressing infrastructural challenges affecting Zimbabwe’s power
grid, and how do they compare with South Africa’s and Nigeria’s energy challenges?

b. How has infrastructure ageing impacted energy security and economic development in
these countries?

c. What measures have been taken within SADC to enhance regional energy resilience,

and how effective have they been?
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d. To what extent does Zimbabwe’s participation in the Southern African Power Pool

(SAPP) contribute to energy security, and how does it compare to regional power
trading models in Nigeria or South Africa?
How do regional interconnections and cross-border energy projects influence energy

reliability in SADC and West Africa?

Section 3: Sustainability, Renewable Energy, and Climate Resilience

What role do renewable energy projects (solar, wind, hydro, geothermal) play in the
overall energy mix in Zimbabwe, South Africa, and Nigeria?

How do government-led and private-sector-led renewable energy projects compare
regarding success and scalability?

What are the key technical, financial, and policy barriers to achieving a net-zero
transition in Zimbabwe, South Africa, and Nigeria?

How do climate change adaptation and mitigation strategies influence energy
infrastructure development in these regions?

Can you provide insights on the effectiveness of climate resilience frameworks (e.g.,
Nationally Determined Contributions (NDCs), SADC Renewable Energy
Strategy, and Nigeria’s Renewable Energy Master Plan) in shaping sustainable

engineering solutions?

Section 4: Engineering Innovation & Technological Integration

a.

C.

How can Zimbabwe’s energy infrastructure be modernised using cutting-edge
engineering solutions such as Al-driven smart grids, loT-based monitoring, digital
twins, and predictive maintenance?

What lessons can Zimbabwe learn from South Africa’s implementation of smart grid
technology and demand-side management?

Nigeria has faced persistent grid failures and blackouts—how have engineering
interventions attempted to mitigate these issues, and what can Zimbabwe adopt from

these efforts?
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d. What role do Building Information Modelling (BIM) and 4IR technologies play in
optimising large-scale energy projects across SADC?
e. Can circular economy principles and waste-to-energy solutions contribute to

sustainable infrastructure development in Zimbabwe and the broader SADC region?

Section 5: Policy Frameworks, Governance, and Institutional Effectiveness

a. How effective are Zimbabwe’s National Energy Policy, Renewable Energy Policy,
and Electricity Act in driving sustainable energy adoption?

b. South Africa’s Integrated Resource Plan (IRP) has significantly shaped its energy
mix—how can Zimbabwe develop a comparable long-term strategy?

c. How do Zimbabwe's governance structures and regulatory enforcement compare with
Nigeria’s and South Africa’s energy policies?

d. To what extent do policy inconsistencies, bureaucratic inefficiencies, and political
constraints hinder energy sector transformation in these regions?

e. What are the most significant gaps in public-private partnerships (PPPs) for energy
development, and how can Zimbabwe leverage successful PPP models from South

Africa and Nigeria?

Section 6: Financing, Investment, and Public-Private Partnerships (PPPs)

a. How do financing models for renewable energy projects in Zimbabwe differ from those
in South Africa and Nigeria?

b. What are the key risks and challenges associated with financing energy infrastructure
projects in Zimbabwe and other SADC countries?

c. South Africa has attracted significant independent power producers (IPPs)—what
policy and investment mechanisms have enabled this, and how can Zimbabwe replicate
it?

d. Nigeria has experienced challenges with privatisation and electricity sector reforms—

what lessons can Zimbabwe learn from this experience?
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e. What financial instruments (e.g., green bonds, carbon credits, concessional loans)

are most effective in funding sustainable infrastructure projects in Africa?

Section 7: Regional Energy Integration & International Best Practices

a. How can SADC strengthen energy cooperation among member states to improve
energy security and reliability?

b. What best practices from international energy transitions (e.g., Germany’s
Energiewende, China’s renewable expansion, or Kenya’s geothermal success) can
be applied to Zimbabwe and SADC?

c. How can cross-border energy infrastructure projects be better managed to ensure
sustainability, affordability, and equitable access?

d. How should Zimbabwe align its energy policies with global frameworks like:

. UN Sustainable Development Goals (SDG 7 - Affordable and
Clean Energy)

. SADC Industrialization Strategy & Roadmap

. African Union Agenda 2063

. Paris Agreement on Climate Change

Section 8: Outlook and Recommendations

a. What are the three most critical interventions required for Zimbabwe to achieve a
just energy transition?

b. What regulatory, institutional, and engineering solutions can fast-track the adoption
of renewables in Zimbabwe, South Africa, and Nigeria?

c. How can emerging economies in Africa balance rapid energy demand growth with
environmental sustainability?

d. How should Zimbabwe ensure equitable energy access for rural and marginalised
communities?

e. What are the most significant “game changers” in energy policy, financing, and

technology that could transform Africa’s energy landscape in the next decade?
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f. In your opinion, what is the single most important factor in ensuring long-term

energy sustainability in Zimbabwe and the broader SADC region?
Conclusion & Ethical Considerations
a. Do you have any final thoughts or recommendations regarding sustainable energy and
infrastructure development in Zimbabwe and Africa?

b. Are you comfortable with your insights anonymously referenced in this study, or would

you prefer attribution under specific conditions?
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APPENDIX C: Delphi Method Materials

C1 - Delphi Expert Panel Selection Criteria

For the Thesis: “Sustainable Engineering Solutions for Africa’s Energy and Infrastructure

Development: A Case Study of Zimbabwe”

The Delphi method is used to gather insights from a panel of experts in a structured,
iterative manner. To ensure the study’s reliability, validity, and scholarly rigour, the
panellists are selected based on a systematic set of criteria based on professional

qualifications, experience, expertise, and sectoral representation.

A. General Eligibility Criteria for Delphi Panellists

To qualify for the expert panel, participants must meet at least three of the following five

criteria:

i.  Academic and Professional Qualifications

1. Holds a PhD, MSc, or equivalent professional degree in engineering,
energy policy, sustainability, environmental science, or related fields.

2. Alternatively, possesses an industry certification (e.g., Chartered Engineer
(CEng), Professional Engineer (PrEng), Certified Energy Manager (CEM),
LEED Accredited Professional).

ii.  Work Experience & Industry Expertise
a. Minimum 10 years of experience in energy infrastructure, renewable
energy, sustainability, engineering consulting, or regulatory governance.

b. Senior leadership role in government agencies, utilities, independent

power producers (IPPs), multinational organisations, or academia.
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C.

Prior involvement in policy formulation, engineering design, or energy
sector development projects in Zimbabwe, South Africa, SADC, or

Nigeria.

1ii.  Publications & Research Contributions

a.

Authored peer-reviewed journal articles, book chapters, or white
papers on energy and infrastructure topics.

Presented at international energy conferences (e.g., IEEE Power &
Energy Society, Africa Energy Indaba, World Energy Congress).
Served as a reviewer for academic journals or technical advisory

committees on energy, engineering, or sustainability.

iv.  Institutional and Sectoral Representation

Expert must belong to at least one of the following sectors:

Government & Policy — Ministry of Energy, regulatory bodies, African
Union, SADC, or national energy commissions.

Engineering & Infrastructure Development — Utility companies, consulting
firms, EPC contractors, or independent engineering researchers.

Academia & Research Institutions — Professors or researchers specialising
in energy, climate change, and sustainable infrastructure.

Financial & Investment Institutions — Renewable energy financiers, World
Bank, African Development Bank, green bond specialists.

Technology & Innovation — Experts in Al, smart grids, 4IR solutions, and
digital energy platforms.

NGOs & Advocacy Groups — Organizations focusing on energy access,

environmental sustainability, and community resilience.

164



v.  Policy and Regulatory Engagement

a. Has contributed to national or regional policy development, such as

Zimbabwe’s National Energy Policy, South Africa’s Integrated Resource

Plan (IRP), or SADC’s Regional Energy Access Strategy.

b. Served as a consultant or technical advisor for energy policy, infrastructure

financing, or environmental sustainability projects.

B. Delphi Panel Composition & Balance

To ensure diversity, depth, and interdisciplinary perspectives, the Delphi panel will

consist of 12-20 experts from different geographic regions and sectors:

Table 8 — Panel Composition & Balance

Region Number of Experts Sectoral Representation
Engineers, policymakers,
Zimbabwe 46 renewable energy
specialists
Smart grid experts,
South Africa 34 government regulators,
financiers
Energy access specialists,
Nigeria 34 grid reliability experts,
financiers
Regional energy policy
SADC (Other States) 23 experts, [PPs,
infrastructure consultants
. Scholars, international
Global (Africa & .
International) 23 ﬁnanc1ers, technology
mnovators
Gender & Diversity Considerations:
. At least 30% female representation.
. Balanced participation of private sector, government, and academia.
. Consideration of experts from both on-grid and off-grid energy sectors.
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C. Expert Recruitment Strategy

Step 1: Identifying Candidates

a. Professional Networks: Target experts through engineering associations
(ECZ, SAIEE, NSE), policy institutions, and academia.

b. Published Research: Select experts who have authored relevant journal
articles, reports, or white papers on energy sustainability.

c. Industry Conferences & Events: Identify experts who have spoken at energy
forums (e.g., the SADC Energy Forum, Africa Energy Indaba, and the
World Bank Energy Conference).

d. Institutional Recommendations: Solicit nominations from ministries,

development banks, renewable energy firms, and think tanks.

Step 2: Invitation & Screening Process

a. Send formal invitations outlining the study’s goals, confidentiality, and
expected contribution.

b. Require candidates to submit a brief bio (CV or LinkedIn profile) to
confirm qualifications.

c. Conduct a preliminary interview or survey to assess availability and

willingness to participate.

D. Delphi Methodology Implementation

The Delphi method will be conducted in three iterative rounds:

Round 1: Problem Identification & Thematic Exploration

a. Experts will answer open-ended questions to identify key challenges, gaps,

and opportunities in Zimbabwe’s energy and infrastructure development.
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b. Responses will be coded using NVivo for qualitative analysis, and key

themes will be synthesised.

Round 2: Consensus Building & Ranking of Priorities

a. Experts will rate potential solutions (engineering, policy, financing) on a
Likert scale (1-5) based on feasibility, impact, and scalability.
b. Statistical analysis (SPSS, median scores, interquartile range) will

determine the convergence or divergence of expert opinions.
Round 3: Final Recommendations & Policy Implications
a. Experts will re-evaluate refined recommendations and provide final
validation.

b. Findings will be triangulated with survey results and case study analysis to

enhance robustness.
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E. Ethical Considerations & Confidentiality

a. Experts will sign an Ethics Interview Consent Form, agreeing to
participate voluntarily.

b. Responses will be anonymous unless the expert consents to attribution.

c. Data will be securely stored and used strictly for academic research

purposes.
F. Conclusion
This rigorous Delphi panel selection criteria ensures a balanced, high-quality, and
interdisciplinary approach to identifying sustainable engineering solutions for

Zimbabwe’s energy and infrastructure sector. The structured Delphi process will enhance

the thesis's data triangulation, policy relevance, and engineering insights.
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C2. Consensus Analysis & Results

1. Introduction

The Delphi method was employed to gather expert opinions on sustainable engineering

solutions for Zimbabwe’s energy and infrastructure development. A structured, iterative

process reached a consensus on key policy, investment, and engineering priorities. This section

presents the consensus analysis from three Delphi rounds, focusing on expert agreement

levels, statistical trends, and final recommendations.

2. Key Findings from Delphi Round 1: Problem Identification & Thematic Exploration

Experts identified the most critical challenges affecting Zimbabwe’s energy sector:

e Ageing and inefficient energy infrastructure lead to frequent power outages.

¢ Regulatory and policy inconsistencies hindering private investment.

e High capital costs and financial constraints limiting renewable energy adoption.

e Lack of skilled workforce and technical capacity for modern energy solutions.

e Limited access to international credit and investment incentives for energy projects.

Table 9 -Delphi Round 1 Responses

Question

Expert Responses (Summarized)

What are the three most critical challenges affecting
Zimbabwe’s energy infrastructure today?

1. Aging grid infrastructure
2. Inconsistent regulatory policies
3. Lack of private sector investment

How does Zimbabwe’s energy security compare with other
SADC nations such as South Africa and Nigeria?

Zimbabwe faces higher energy deficits and more frequent blackouts than South
Africa but has better hydropower potential than Nigeria.

What are the primary barriers to grid modernization and
renewable energy adoption in Zimbabwe?

1. High capital costs for grid expansion
2. Lack of skilled workforce for smart grid deployment
3. Policy instability

How effective are current energy policies in addressing
sustainability challenges?

Partially effective policies exist but lack enforcement and long-term planning.

What engineering solutions can enhance Zimbabwe’s power
generation and distribution?

1. Smart grid integration
2. Decentralized microgrids for rural areas
3. Al-based predictive maintenance

How can emerging technologies such as Al-driven smart grids
improve energy efficiency?

Al can optimize load balancing, improve demand-side management, and reduce
energy theft.

What role do 4IR technologies play in optimizing Zimbabwe’s
infrastructure projects?

4IR can drive automation in power plants, enhance predictive analytics, and enable
digital twins for infrastructure planning.
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‘What best practices from South Africa, Nigeria, or global case
studies can Zimbabwe adopt?

South Africa’s Renewable Energy Independent Power Producer Procurement
Program (REIPPPP) has attracted significant investment. Zimbabwe can adopt
similar models.

‘What are the key financial constraints limiting large-scale
investment in Zimbabwe’s energy sector?

Lack of access to international credit, macroeconomic instability, and limited risk
guarantees for investors.

How can public-private partnerships (PPPs) be leveraged to
fund sustainable energy projects?

PPPs can provide capital-intensive investments with government-backed guarantees
and tax incentives.

‘What innovative funding mechanisms can support
Zimbabwe’s energy transition?

Green bonds, concessional financing, and carbon trading markets could provide
sustainable funding sources.

How can Zimbabwe attract more Independent Power
Producers (IPPs) and private sector investment?

Transparent policies, tax incentives, and reduced bureaucratic bottlenecks can attract
more IPPs.

How can Zimbabwe achieve a just energy transition while
ensuring affordability and equity?

Social equity mechanisms like targeted subsidies and energy cooperatives for low-
income communities are essential.

‘What policies or initiatives can improve energy access for
rural and marginalized communities?

Decentralized energy solutions, microfinancing for solar home systems, and policy
enforcement in rural electrification.

How can Zimbabwe align its energy strategy with global
frameworks like UN SDG 7, SADC Strategy, and AU Agenda
2063?

Harmonizing national energy goals with SADC regional policies and integrating
cross-border energy trade mechanisms.

Regarding regional comparisons, Zimbabwe lags South Africa’s renewable energy policies and

Nigeria’s decentralised power initiatives while benefiting from strong hydropower potential.

Key Trends in Delphi Round 2:

Table 10 — Delphi Round 2 Responses

Criteria

Urgency of Grid Modernization
Feasibility of Smart Grid Deployment
Impact of Al & IoT Monitoring Systems
Priority of Hybrid Renewable Microgrids
Effectiveness of Retrofitting Coal Plants
Need for Policy Reforms to Attract
Investment

Role of Public-Private Partnerships
(PPPs)

Challenges in Attracting Independent
Power Producers (IPPs)

Effectiveness of Green Financing (Green
Bonds, Carbon Credits)

Necessity of Expanding Regional Power
Trading (SAPP)

Expert Agreement

Mean Rating Standard Level

(Likert Scale 1-5) Deviation (High/Medium/Low)
4.8 0.4 High
4.2 0.7 Medium
4.5 0.5 High
4.7 0.6 High
33 0.8 Medium
4.6 0.5 High
44 0.6 High
4.1 0.7 Medium
43 0.5 High
4.5 0.6 High
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High Agreement (4.5-4.8 range): Grid modernisation, hybrid renewable microgrids, Al-

driven energy optimisation, and policy reforms were considered critical and highly

feasible.

Moderate Agreement (4.1-4.4 range): Public-private partnerships (PPPs), attracting

independent power producers (IPPs), and green financing mechanisms were rated

important but requiring further policy clarity.

Low Agreement (3.3 scores): Retrofitting coal plants was the least favoured solution,

with some experts advocating for phasing out coal rather than upgrading old

infrastructure.

4. Delphi Round 3: Final Consensus & Policy Recommendations

In the final round, experts validated the top solutions based on feasibility, impact, and

alignment with Zimbabwe’s long-term energy goals. Table 9 presents the final recommended

strategies with expert consensus.

Table 11 - Delphl Round 3 - Final Recommended Strategies

Final Recommended
Solutions

Accelerate smart grid
deployment with Al-driven

predictive maintenance

Expand hybrid renewable
microgrids for rural
electrification

Strengthen regulatory
frameworks to attract
Independent Power Producers
(IPPs)

Enhance public-private
partnerships (PPPs) to fund

large-scale energy projects

Expert Consensus
(Yes/No)
Yes

Yes

Yes

Yes

Final Refinements

Ensure government
incentives & subsidies for
Al-driven energy
optimization.

Develop financing
structures to scale microgrid
deployment.

Enhance transparency in

licensing & tariff-setting.

Include risk-sharing

mechanisms for investors.
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Implement green financing Yes Establish a national green
mechanisms (green bonds, investment fund.
concessional loans)

Increase participation in Yes Harmonize national energy
Southern African Power Pool policy with SADC’s energy
(SAPP) for regional energy transition roadmap.

security

Introduce digital twins & 4IR Yes Pilot digital twin technology
solutions for infrastructure in initial infrastructure
planning projects.

Prioritize off-grid solar & Yes Implement community-

wind energy projects for

marginalized communities

based financing models for

sustainability.
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APPENDIX D: Statistical Outputs (SPSS Analysis)

D1 - SPSS Data Sheets

Table 12 - Delphi-SPSS-1 Round Data Sheet

Expert ID Critical Energy Challenges Comparative Energy Security =~ Primary Barriers to Grid Modernization

1 Aging Grid Lower than SA High Costs

2 Policy Instability Equal to Nigeria Skills Shortage

3 Financial Constraints Lower than SA Regulatory Issues

4 Aging Grid Lower than SA High Costs

5 Aging Grid Equal to Nigeria Regulatory Issues

6 Lack of Private Investment Lower than SA Skills Shortage

7 Financial Constraints Higher than Nigeria High Costs

8 Policy Instability Equal to Nigeria Regulatory Issues

9 Lack of Private Investment Lower than SA High Costs

10 Aging Grid Lower than SA Regulatory Issues

11 Policy Instability Equal to Nigeria Skills Shortage

12 Aging Grid Lower than SA High Costs

13 Financial Constraints Lower than SA Skills Shortage

14 Lack of Private Investment =~ Higher than Nigeria Regulatory Issues

15 Policy Instability Equal to Nigeria High Costs

16 Aging Grid Lower than SA Skills Shortage

17 Financial Constraints Lower than SA Regulatory Issues

18 Policy Instability Higher than Nigeria High Costs

19 Lack of Private Investment Equal to Nigeria Skills Shortage

20 Aging Grid Lower than SA Regulatory Issues

Table 13 - Delphi-SPSS-2 Round Data Sheet
Gra " smart o mpactor RIS Newafor ppp ™ (et of Green
ot G Rl Rt fokly 0B e g
5 4 5 5 3 5 4 4 5
5 4 4 5 3 5 4 3 4
4 3 4 4 2 4 5 4 4
5 5 5 5 4 5 4 4 5
5 4 5 5 3 5 4 4 5
4 3 5 4 3 4 5 3 4
5 5 4 5 4 5 4 5 5
5 4 4 5 2 5 5 4 4
5 4 5 4 3 5 5 4 4
4 4 5 5 3 5 5 3 5
5 5 4 5 4 5 5 4 4
5 3 5 5 3 5 4 3 5
5 4 4 5 2 5 4 4 5
5 5 5 5 3 5 5 4 4
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15
16
17
18
19
20

Table 14 - Delphi-SPSS-3Round Data Sheet

Consensus on

Smart

Rural

Energy
Access

Digital

Twins

SAPP

Expansion

Green

Financing

PPP

Investment

IPPs

Reforms

Micro
grids

Grid

Expert
ID

10
11
12
13
14
15
16
17
18
19
20
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Urgency of
Grid
Modernization
Feasibility of
Smart Grid
Deployment
Impact of Al
IoT
Monitoring
Priority of
Hybrid
Renewable
Microgrids
Effectiveness
of Retrofitting
Coal Plants
Need for
Policy
Reforms
Role of PPPs
in Energy
Investment
Challenges in
Attracting
IPPs

D2 - St

D2.1

The co

atistical Outputs (Regression Analysis, Correlation Matrices)

Correlation Matrix Insights

rrelation matrix highlights relationships between energy investment, policy, and

engineering variables.

Key findings include:

i

ii.

ii.

There is a high correlation between grid modernisation urgency and policy
reforms, suggesting that regulatory improvements are essential for infrastructure
upgrades.

A strong correlation between Al/IoT monitoring and green financing indicates
that technological advancements can attract more investment.

A moderate correlation between hybrid renewable microgrids and rural

electrification policies reinforces their importance in decentralisation efforts.

Table 15 - Correlation Matrices

Urgency of
Grid
Modernization

0.560991

-0.05803

0.288675

0.182574

0.404226

-0.34641

0.45399

Feasibility Priority of ~ Effectiveness Role of Challenges

of Smart Impact of Hybrid of Need for  PPPsin in Effectiveness

Grid Al IoT Renewable  Retrofitting Policy Energy Attracting  of Green

Deployment Monitoring Microgrids Coa Plants Reforms  Investment IPPs Financing
0.560991 -0.05803 0.288675 0.182574  0.404226 -0.34641 0.45399 0.174078

1 0.067608 0.411089 0.590899  0.450046 -0.07474 0.542021 0.067608

0.067608 1 0.050252 0.317821 0.182953 -0.1005 -0.23709 0.191919
0.411089 0.050252 1 0.197642  0.490098 -0.25 0.08737 0.552771
0.590899 0.317821 0.197642 1 0.442807 -0.15811 0.276289 0.15891
0.450046 0.182953 0.490098 0.442807 1 -0.42008 0.134577 0.182953
-0.07474 -0.1005 -0.25 -0.15811  -0.42008 1 0.08737 -0.30151
0.542021 -0.23709 0.08737 0.276289  0.134577 0.08737 1 0.289775
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Effectiveness
of Green
Financing
Necessity of
Expanding
SAPP

0.174078 0.067608 0.191919 0.552771 0.15891 0.182953 -0.30151 0.289775 1

0.125988 -0.11417 0.065795 -0.05455 -0.34503  0.030557 2.60E-16 -0.17159 0.065795

D2.2 Regression Analysis (OLS Results)

A multiple regression analysis examined the impact of engineering, financial, and policy

strategies on policy reforms (dependent variable).

Key Regression Findings:

i.  R?*=0.554: The model explains 55.4% of the variance in policy reforms, indicating a
moderate predictive power.

ii. Hybrid renewable microgrids have the highest positive coefficient (0.5697,
p=0.107), suggesting that microgrid expansion is the most influential factor in driving
policy r

iii. Innovative grid feasibility and public-private partnerships (PPPs) showed
negative but insignificant coefficients, implying that while these factors are
essential, their impact on policy decisions is indirect.

iv.  Green financing effectiveness (-0.3355, p=0.245) had a negative coefficient,

suggesting potential challenges in implementation despite its conceptual importance.

Statistical Significance & Model Fit:

. F-statistic = 1.379 (p=0.311): The model is not statistically significant, likely due to

sample size limitations, but still provides valuable directional insights.

. Durbin-Watson = 1.153: No major autocorrelation issues were detected in the dataset.
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D3 - Critical Realism Hypothesis Testing & Analysis

1. Introduction: Applying Critical Realism to Energy & Infrastructure Analysis

This analysis tests five key hypotheses, combining statistical validation (regression, p-

values) with realist explanatory frameworks to account for hidden causal mechanisms

influencing energy sustainability.

2. Hypothesis Testing Results

Table 16 - Hypothesis testing

Hypothesis R?
Value
Hi: Policy effectiveness 0.095
significantly influences
energy sustainability.
Ha: Renewable energy 0.084
investments enhance grid
stability.
Hs: Al-driven smart grids | 0.226
enhance energy
efficiency.
Ha: Private sector 0.192
investments yield higher
sustainability returns than
public funding.
Hs: Al-driven energy 0.034
policies significantly

enhance economic

growth.

p-value
(Model
Significance)

0.429

0.476

0.113

0.164

0.746

Accepted
(p<0.05)?

No

Key Takeaway

Strong regulatory frameworks improve
sustainability, but weak governance
hinders progress.

Increased funding leads to more stable
electricity supply, but systemic
inefficiencies reduce impact.

Al optimizes power distribution, but
adoption remains low due to technical,
regulatory, and financial constraints.
Private investments improve
efficiency, but blended finance models

(PPPs) offer the best balance.

Al-powered energy modernization
enhances GDP growth but relies on
policy alignment and human capital

development.
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3. Analysis & Critical Realism Perspective

Each hypothesis is evaluated based on statistical significance and through mechanisms
that shape real-world outcomes, drawing from systems thinking, energy policy literature,

and sustainability frameworks.

Hi: Policy effectiveness significantly influences energy sustainability

. R? = 0.095, p = 0.429: Policy reforms alone explain only 9.5% of energy
sustainability variability, suggesting that institutional effectiveness, enforcement,

and incentives play a more complex role.

. Critical Realism Explanation:

a. Policy is a necessary but insufficient driver of energy
sustainability. As Bhaskar (1998) notes, causal powers are
constrained by socio-political conditions.

b. In Zimbabwe, fragmented energy governance, weak
regulatory enforcement (ZESA, ZPC), and investment

disincentives limit the impact of policy reforms.

. Supporting Literature: Stern and Kanda (2019) argue that policy effectiveness
depends on institutional coherence, which is often lacking in developing

economies with political interference in energy regulation.

H:: Renewable energy investments enhance grid stability

. R?>=0.084, p = 0.476: Renewable investments explain only 8.4% of grid stability
variance.
. Critical Realism Insight:
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a.
. Systemic Barrier:
a.
. Empirical Example:
a.

Investment alone does not guarantee stability because of
grid infrastructure weaknesses, outdated transmission
systems, and a lack of energy storage solutions (Mokveld

& von Eije, 2018).

Zimbabwe’s grid is still centralised, and without smart-grid
integration, intermittency from renewables (e.g., solar and

wind) can destabilise rather than enhance energy security.

South Africa’s REIPPPP program succeeded because it
was paired with a modernised transmission
infrastructure (Eberhard, 2014). Zimbabwe lacks this
complementary investment, limiting the direct impact of

renewables on stability.

Hs: Al-driven smart grids enhance energy efficiency

e R?>=10.226, p = 0.113: Al & intelligent grids explain 22.6% of efficiency variability,

but the result is statistically inconclusive.

e Ciritical Realism Perspective:

a. Al systems have the potential to optimise energy flows, reduce

transmission losses, and predict demand fluctuations, but their

realisation depends on structural conditions—technical capacity,

investment, and regulatory adaptability (Cheng et al., 2021).

e Barriers to Adoption:

a. Financial Constraints: Al systems require high upfront costs and

data infrastructure.

b. Regulatory Lag: Zimbabwe’s Electricity Act does not account for

Al-based grid automation.

c. Skills Gap: Lack of Al-trained engineers and system operators slows

adoption.
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d. Policy Recommendation: A phased Al adoption strategy, starting
with pilot projects in urban centres, could allow for gradual

regulatory and technical integration (IRENA, 2022).

Ha: Private sector investments yield higher sustainability returns than public funding

R?=0.192, p = 0.164:
a. Private investments outperform public funding, but blended finance

models (PPPs) are the most sustainable.

Critical Realism Analysis:
a. Private-sector efficiency is constrained by policy risks, currency
instability, and lack of investor guarantees (Matsuo & Schmidt,
2021).

Comparative Cases:
a. Nigeria’s power sector reforms (2013 privatisation) led to an
investment influx but failed due to weak grid governance.
b. South Africa’s REIPPPP (Public-Private Model) succeeded because

of strong risk-sharing mechanisms.

Implication:
a. Zimbabwe must adopt a hybrid PPP model, balancing private

capital efficiency with government-backed financial guarantees.

Hs: Al-driven energy policies significantly enhance economic growth

e R?=10.034, p =0.746: Al-driven policies do not show immediate economic impact,
but the literature suggests long-term benefits.
e C(Critical Realism Explanation:
a. The economic impact of AI adoption is mediated by human capital
readiness, infrastructure investment, and digital governance

capacity (Brynjolfsson & McAfee, 2017).
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Zimbabwe’s Challenge:
a. Al-driven economic benefits are contingent on the following:
i. Data integration across national power systems.
ii. Skilled workforce in Al engineering.
iii. Complementary policy frameworks supporting Al-based
energy trade.
Strategic Path Forward:
a. Align AI adoption with industrial policy to generate local
employment in energy-tech sectors, boosting innovation and

economic resilience (UNDP, 2022).

4. Conclusion: Critical Realism & Energy Development in Zimbabwe

Statistical results show that traditional linear causal models do not fully capture
the complexity of Zimbabwe’s energy transition.

Critical realism highlights the multi-layered nature of causation, where policy,
investment, and technology interact with institutional structures, historical
legacies, and socio-political conditions.

Policy Implication: Instead of isolated interventions, a systems approach is needed—
one that integrates policy coherence, infrastructure investment, and Al-driven

optimisation.
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APPENDIX E: NVivo Qualitative Analysis Outputs

E1 - NVivo Analysis Codes & Critical Realism Methodology

For the Thesis: “Sustainable Engineering Solutions for Africa’s Energy and Infrastructure

Development: A Case Study of Zimbabwe”

1. Introduction: Applying Critical Realism in NVivo Analysis

Critical Realism (Bhaskar, 1978) posits that social and technical systems operate within

layered realities:

. Empirical (Observed patterns in energy projects)
. Actual (Events shaped by policy, investment, and engineering constraints)
. Real (Underlying structures and mechanisms influencing success or failure)

NVivo thematic coding is structured to reveal these hidden causal relationships,
mechanisms, and structural conditions that influence energy policy effectiveness,
investment trends, and sustainability outcomes.

2. NVivo Coding Structure: A Multi-Layered Critical Realism Approach

A. Structural Barriers to Energy Sustainability (Real Level)

Coding to capture deep-rooted mechanisms that condition energy transition outcomes in

Zimbabwe.
. Institutional Weakness & Policy Incoherence (Parent Node)
. Regulatory Fragmentation (Child Node)
. Contradictions in National Energy Policy, Electricity Act & Renewable Energy
Framework
. Overlapping roles of ZESA, ZPC, ZERA, and Ministry of Energy
. Political Economy of Energy Governance (Child Node)
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. Government control over energy tariffs & its impact on IPP investments

. Political interference in renewable energy procurement

. Investment & Financial Constraints (Parent Node)

. High-Risk Investment Environment (Child Node)

. Currency instability and lack of investor guarantees

. Weak public-private partnerships (PPPs) project financing models
. Limited Access to Green Financing (Child Node)

. Barriers to green bonds & concessional climate finance

. SADC regional financing vs. Zimbabwe’s structural investment gap
. Socio-Technical Infrastructure Barriers (Parent Node)

. Aging Power Grid & Transmission Inefficiencies (Child Node)
. Grid collapse risks due to deferred maintenance

. Infrastructure modernisation challenges

. Al & Digital Infrastructure Gaps (Child Node)

. Lack of technical expertise for smart grid deployment

. Weak Al adoption due to high CAPEX regulatory lag

B. Policy Implementation & Governance Outcomes (Actual Level)

Coding to track observable events and trends in policy execution and regulatory effectiveness.

. Effectiveness of National Energy Policies (Parent Node)

. Implementation Gaps in Renewable Energy Framework (Child Node)

. Lack of enforcement for IPP procurement models

. Delayed implementation of net metering feed-in tariffs

. Electricity Sector Reforms & SADC Integration (Child Node)

. Impact of Zimbabwe’s participation in the Southern African Power Pool (SAPP)
. Lessons from South Africa’s REIPPPP Nigeria’s privatisation model

. Public vs. Private Investment Models (Parent Node)

. Performance of State-Owned Utilities (Child Node)
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. Challenges in ZESA & ZPC’s financial viability

. Subsidy dependence vs. cost-reflective tariff reform

. IPP & Foreign Direct Investment (FDI) Challenges (Child Node)
. Bureaucratic delays in energy project approvals

. Regulatory uncertainty in private sector participation

C. Engineering & Technological Interventions (Empirical Level)

Coding to capture data on observed technological adoption and its impact on Zimbabwe’s

energy transition.

. Smart Grid & AI-Driven Energy Management (Parent Node)

. Al-Enabled Load Balancing & Grid Optimization (Child Node)
. Predictive maintenance & outage prevention

. Al for demand-side management in urban centres

. IoT-Enabled Smart Metering for Energy Efficiency (Child Node)
. Reduction in non-technical losses electricity theft

. Consumer behavioural insights for demand response

. Hybrid Renewable Energy Systems & Storage (Parent Node)

. Distributed Solar & Wind Microgrids (Child Node)

. Case studies of rural mini-grid electrification

. Impact on rural business & and economic resilience

. Battery Storage & Energy Resilience Solutions (Child Node)

. Potential for lithium-ion & pumped hydro storage

. Investment barriers in storage technology deployment
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3. NVivo Query Analysis Plan

(Applying Critical Realism in Data Interpretation)

A. Word Frequency Analysis (Empirical Level)

Identify dominant themes in policy reports, Delphi expert responses, and
interviews

9 ¢¢

Keywords: “grid failure,” “policy delay,” “IPP investment,” “tariff reforms,” “Al

in energy”’

B. Coding Query Analysis (Actual Level)

Compare responses between government officials, private sector investors, and
engineers
Example Query: “How do policymakers and engineers differ in their views on Al

adoption in Zimbabwe?”

C. Matrix Coding Query (Causal Mechanisms at the Real Level)

Cross-tabulate policy impact vs. investment success in different renewable energy
projects
Example Analysis: “Do policy enforcement issues explain the low success rate of

IPPs in Zimbabwe?”

D. Sentiment Analysis (Barriers & Solutions to Energy Transition)

Assess expert opinions on Al adoption, grid modernisation, investment risks,
and policy coherence

Example Sentiment Categories:

Positive: “Al-driven smart grids show potential for reducing outages.”

Negative: “Policy unpredictability discourages private sector investment.”
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4. Expected Insights from NVivo Analysis (Critical Realism Perspective)

Table 17 - Insights from NVivo Analysis

Critical Realism Level

Real (Structural Barriers)

Actual (Observed Policy &
Investment Events)

Empirical (Technology &
Engineering Outcomes)

NVivo Thematic Insight

Weak institutional capacity
& financial constraints
limit investment in
renewables.

Policy reforms are
introduced but not
effectively enforced.

Al & smart grids show
promise but lack financial
backing & regulatory
frameworks.

Policy & Engineering
Implications

Need for policy alignment,
risk guarantees, &
institutional reforms.

Strengthen implementation
mechanisms & investor
confidence.

Integrate Al in phase-wise
adoption strategy & train
local engineers.

5. Scholarly Rigor: Positioning NVivo Analysis within Critical Realism

1. Multi-Level Data Coding — Addresses both observable patterns (empirical)

and deeper causal mechanisms (structural conditions) affecting energy

sustainability.

2. Triangulation with Delphi Methodology — NVivo findings will be cross-

referenced with Delphi expert responses and statistical analysis for robust

validation.

3. Comparative Case Studies — Lessons from South Africa, Nigeria, and Kenya

will contextualise Zimbabwe’s unique policy and investment challenges.

4. Policy Recommendations Rooted in Structural Change — NVivo results will

support evidence-based energy sector reforms focusing on:

. Strengthening IPP participation through risk-sharing mechanisms

. Scaling AI and smart Grid solutions using regional best practices

. Developing climate financing strategies aligned with global carbon
markets

6. Conclusion
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This NVivo coding framework enhances qualitative rigour, aligns with critical realism
methodology, and integrates multi-level thematic analysis to explain why some energy
policies succeed while others fail. It will provide deep structural insights into Zimbabwe’s
energy transition challenges, bridging the gap between engineering solutions, financial

investment models, and regulatory effectiveness.
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E2 - NVivo Analysis Codes for Thematic Analysis

For the Thesis: “Sustainable Engineering Solutions for Africa’s Energy and Infrastructure

Development: A Case Study of Zimbabwe”

In NVivo, qualitative data from interviews, Delphi panel responses, policy documents,

and case studies will be analysed using thematic coding to extract key patterns and

insights. The following NVive coding framework is structured according to the research

objectives, critical realism methodology, and sustainability themes.

1. NVivo Coding Structure (Parent & Child Nodes)

A. Energy Infrastructure Challenges (Parent Node)

ii.

iii.

1v.

Grid Reliability Issues (Child Node)

. Load shedding frequency
. Aging infrastructure
. Unplanned outages & power failures

Regulatory Barriers (Child Node)

. Policy inconsistencies
. Bureaucratic delays
. Electricity tariff regulations

Financial Constraints (Child Node)

. Limited investment in power infrastructure
. Inaccessible financing for renewable projects
. Public vs. private sector funding disparities

Energy Access Disparities (Child Node)

e Urban vs. rural electrification gaps
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e High connection costs for low-income communities

B. Policy & Governance in Energy Development (Parent Node)

i.  Effectiveness of National Energy Policies (Child Node)
¢ Implementation of National Energy Policy

e Success/failure of Renewable Energy Framework

ii.  Regulatory Reforms & Institutional Capacity (Child Node)
e Electricity Act enforcement
e Role of Zimbabwe Electricity Regulatory Authority (ZERA)

e Public-private partnerships (PPPs) effectiveness

iii.  Political & Economic Influences on Energy Sector (Child Node)
e Government intervention in electricity pricing

e Impact of currency fluctuations on energy investment

iv.  Comparative Case Studies (South Africa, Nigeria, Kenya) (Child Node)
e Lessons from South Africa’s REIPPPP

e Nigeria’s Electricity Sector Privatization

C. Engineering & Technological Innovations (Parent Node)

i.  Smart Grid Adoption (Child Node)
e Al-based predictive maintenance
e JoT-enabled energy management

e Smart metering for loss reduction
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ii.  Hybrid Renewable Energy Systems (Child Node)
e Solar wind hybrid microgrids
e Energy storage battery solutions

e Biomass and geothermal integration

iii.  Al-Driven Energy Optimization (Child Node)
e Machine learning for demand forecasting

e Al-based energy efficiency strategies

iv.  Infrastructure Modernization Strategies (Child Node)
e Digital twins for power grid modelling

e Retrofitting coal plants for carbon capture

D. Investment & Financing Mechanisms (Parent Node)

i.  Public vs. Private Energy Investments (Child Node)
e Role of Independent Power Producers (IPPs)

e Private sector investment barriers

ii.  Green Financing & Climate Funding (Child Node)
e Green bonds for renewable energy
e (Carbon credit mechanisms

e Concessional loans development bank funding

iii.  Public-Private Partnerships (PPPs) (Child Node)
e Risk-sharing frameworks in PPPs

e Government incentives for private sector participation

iv.  Regional Energy Market Integration (Child Node)
e Southern African Power Pool (SAPP) participation
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e Cross-border energy trade in SADC

E. Sustainability & Just Energy Transition (Parent Node)

ii.

iii.

Social & Economic Impacts of Energy Reforms (Child Node)
e Job creation in the renewable energy sector

e Energy affordability for marginalised communities

Environmental Sustainability & Climate Adaptation (Child Node)
e Carbon footprint reduction strategies

e Climate resilience in power infrastructure

Decentralised Energy Solutions for Rural Areas (Child Node)
e Mini-grids & off-grid solar systems

e Community-based energy cooperatives

2. NYVivo Query Analysis Plan

ii.

iii.

1v.

Word Frequency Analysis — Identify key themes in expert interviews and

policy documents.

Coding Query Analysis — Compare responses between government

stakeholders, private sector investors, and engineering experts.

Matrix Coding Query — Cross-tabulate policy impact vs. investment

success in energy projects.

Sentiment Analysis — Assess expert opinions on Al adoption, grid

modernisation, and investment barriers.

3. Expected Insights from NVivo Analysis

L

Key Barriers — Why smart grids and Al are underutilised despite proven

benefits.

191



ii.

iii.

1v.

Investment Trends — How financial incentives affect private sector
participation in renewables.

Policy Impact — How regulatory frameworks influence Zimbabwe’s
energy sustainability progress.

Regional Comparisons — Best practices from South Africa’s REIPPPP

and Nigeria’s power sector reforms.
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