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Nigeria being the most populous black nation on earth, with a high birth rate and growing industrial, 

commercial, transportation, and agricultural activities has been caught up with the dilemma of 

insufficient power supply which has left the nation lagging in terms of socio-economic development 

among sister nations. With an aggressive transition to renewables all over the world to meet energy 

obligations and mitigate greenhouse gas (GHG) emissions, Nigeria is left with no choice but to join 

the transition in a bid to uphold the Sustainable Development Goals 7 & 13 (clean and affordable 

energy & climate action). The power generation mix of Nigeria is largely dependent on natural gas 

hence, largely in conflict with the mentioned SDGs. Despite these sources of electricity being far-

fetched from meeting the growing demand for power usage, the non-renewable energy source are noted 

for creating a significant level of environmental pollution, global warming, and health-related risks. 

As the need to bring down the rising annual global temperatures to 1.5 degrees in various Conference 

of Parties (COP) grow in awareness, it’s obvious that Nigeria has a significant role to play towards the 

actualization of this mission. 

 

The ever-increasing demand for electricity, as well as its impact on the environment, necessitates 

expanding the generation mix by utilizing indigenous sustainable energy sources. Power generation 

planning that is sustainable and efficient must meet various objectives, many of which conflict with 

one another in which multi-objective optimization is one of the techniques used for such optimization 

problems.  Using multi-objective optimization, a model for Nigeria’s power supply architecture was 

developed to integrate indigenous energy sources for a sustainable power generation mix. The model 
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has three competing objectives i.e reducing power generating costs, reducing CO2 emissions and 

increasing jobs. To solve the multi-objective optimization problem, the Hybrid Structural Interaction 

Matrix (HSIM) technique was utilized to compute the weights of the three objectives: minimization of 

costs, minimization of CO2 emissions, and maximization of jobs creation. The General Algebraic 

Modeling System (GAMS) was used to solve the multi-objective optimization problem. According to 

the simulations, Nigeria could address its power supply shortage and generate up to 2,100 TWh of 

power by 2050. Over the projected period, large hydropower plants and solar PV will be the leading 

option for Nigeria's power generation mix. Furthermore, power generation from solar thermal, 

incinerator, nuclear, gas plants, combined plants, and diesel engine will all be part of the power supply 

mix by 2050. In terms of jobs expected to be created, about 2.05 million jobs will be added by 2050 

from the construction and operation of power generation plants with CO2 emissions attaining 266 

MtCO2 by 2050. The cost of power generation is expected to decline from a maximum of 36 billion 

US$ in 2030 to 27.1 billion US$ in 2050. Findings in this research concludes that Nigeria can meet its 

power supply obligations by harnessing indigenous energy sources into an optimal power supply mix.  

Furthermore, to establish the basis for the power generation mix projection, system drivers responsible 

for the rising demand of electricity and reduce pace of transition to renewable energy sources were 

identified from a systems thinking point of view after which they were prioritized using the HSIM 

concept. Also, the impact of renewable energy on power accessibility, affordability and environmental 

sustainability was investigated using the system dynamics approach. It was obtained that factors 

including urbanization, industrialization, agricultural/commercial services growth rates, and pollution 

are the primary reasons for the rising demand for electricity. The slow transition to renewables in 

Nigeria is directly linked to the absence of subsidies and government grants, non-existing or few 

renewable energy financing institutions, scarcity of experienced professionals, barriers to public 

awareness and information, and ineffective government policies. The outcome from the system 

dynamics approach on accessibility, affordability, and environmental sustainability of the electricity 

supply are thought to be enhanced if indeed the country's plan of using 36% renewables in the mix of 

power sources is to be met. 

 

Keywords: Power generation, sustainability, greenhouse gas, hydropower, solar, bioenergy, wind, 

geothermal, energy modelling. 
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Chapter 1 

Introduction 

 

1.1 Background  

Nigeria, as one of the most populous countries in Africa and a growing economy, faces significant 

challenges in meeting its increasing demand for electricity. The stumbling block to Nigeria's economic 

development is believed to be hinged on poor power generation, inadequate access to electricity, and over-

reliance on fossil fuels for power generation. According to the World Bank, as of 2021, only about 57.7% 

of the Nigerian population has access to electricity, with rural areas facing even lower access rates [1]. The 

country's installed power generation capacity of around 12,522 MW falls short of the estimated demand of 

over 25,000 MW, resulting in frequent blackouts, reduced economic productivity, and diminished quality 

of life for Nigerians [1]. The country's heavy reliance on fossil fuels, particularly gas, for power generation 

exposes it to price volatility and supply disruptions in the global gas market, affecting the affordability and 

reliability of electricity for consumers. Moreover, Nigeria has abundant renewable energy resources such 

as solar, wind, and hydropower, but has been slow in transitioning to renewables, lagging behind in 

renewable energy utilization. 

Meeting today's power requirements without jeopardizing the ability of future generations to do the same 

is what is meant by a sustainable power supply mix. Sustainable development has been the focus of a 

wealth of study on numerous issues, levels, and viewpoints ever since it was first introduced and put into 

practice [2]. To remain competitive and relevant among nations, Nigeria must address its problem 

of insufficient power supply, particularly now that the COVID-19 pandemic has wreaked havoc on the 

economy [3]. As such, there is a critical need for research to address Nigeria's power poverty and promote 

sustainable solutions. This research aims to investigate innovative strategies to enhance power generation 

by promoting the adoption of renewable energy sources. Thankfully, Nigeria has a wide variety of abundant 

energy sources from which to draw in order to create a sustainable power supply mix that would meet the 

rising demand for electricity, protect the environment, and lower greenhouse gas (GHG) emissions [4]. 

Despite having an abundance of power generation sources, Nigeria struggles to meet its fast-rising 

electricity demand and is afflicted by rolling blackouts in most of the nation [5, 6]. Sustainable power 

supply is thought to be impossible without the use of RE (renewable energy) sources [7]. Through 

industrialization, Nigeria will be able to address its main problems, such as unemployment and 

security threats, and this can only be done with a reliable, affordable, and environmentally friendly 

power supply [6]. 

Energy modeling and optimization techniques must be used by policymakers and researchers who aim to 

create a power supply system that is ecologically friendly to ensure that several goals, including cost, 

emissions, jobs, and others, are achieved [8]. Since the 1990s, modelers have been creating energy system 

optimization models [9–13]. To create the best power supply mixes for regions, cities, and countries, costs 

or emissions are optimized [14–22]. 
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Due to the connection between energy use, environmental protection, economic growth, and social 

responsibility, power planning has grown to be a complex subject encompassing many variables [23]. 

Therefore, methods for energy modeling and optimization that may incorporate a variety of goals into 

the creation of a power policy are crucial. The primary modeling idea underpinning long-term energy 

planning is developing the best power generation mix to meet electricity demand while satisfying a 

number of constraints. The type of power technology employed, the amount of installed power 

capacity, the time it took to build and operate the technology, and the required fuel sources are a few 

major outcomes of such procedures. The employment of cost optimization models like MESSAGE, 

MARKAL, TIMES, etc. has been the focus of numerous studies examining the socio-economic 

optimality of power planning (see, for example, Refs. [24-33]). On the other hand, the strategic 

planning of power planning systems invariably considers many conflicting goals [34–36]. 

Environmental or social goals were previously handled in multi-objective optimization studies by 

being converted into cost-equivalent objectives [37] or by being seen as constraints having lower and 

upper bounds [38]. However, due to its ability to directly assign an objective function to each 

sustainability criterion (cost, emissions, jobs, land, societal opposition, etc.) without the need for 

intricate calculations, multi-objective optimization is more feasible.  

Prior multi-objective studies mostly focused on costs and emissions without considering the social 

issues. Ren et al [39] investigated the decentralized energy source's operating method while balancing 

energy cost reduction and environmental effect minimization. An economic and environmental 

analysis of the Japanese power production system was conducted by Zhang et al. [40]. To lower the 

cost of electricity generation and CO2 emissions in Taiwan, Ko et al. [41] employed a multi-objective 

optimization. Lowest generation costs and lowest CO2 emissions were two objectives Purwanto et al. 

[42] put into their conceptual framework for an Indonesian long-term power producing mix. Mahbub 

et al [43] researched on identification of the best possible scenarios for dealing with Italy's restrictions 

on reducing energy prices and CO2 emissions. Based on trade-offs between the economy and the 

environment, Pratama et al. [44] evaluated alternative future scenarios for Indonesian power 

generation. While Tekiner et al. [45] looked at three objective functions, both of their non-cost criteria 

considered air pollutants like CO2 and NOx. A multi-objective optimization model still must be 

created in order to evaluate trade-offs between various sustainability parameters that conflict with 

one another. In order to incorporate indigenous energy sources while reducing power generation 

costs, reducing CO2 emissions, and optimizing the number of employment generated through the 

building and operation of power plants, multi-objective optimization was employed in this work. 

The Nigerian power sector faces significant challenges, including inadequate power generation and 

distribution infrastructure, poor transmission, and a lack of reliable power supply. Addressing these 

challenges requires a comprehensive approach that leverages all available energy sources. In this 

context, the following information is provided: 

i. The interventions to address Nigeria's power challenges must be timely, given the urgent need for 

reliable power supply. These interventions must include short-term and long-term strategies. In the 

short-term, efforts must focus on improving the existing power infrastructure to increase power 

generation and distribution capacity. In the long-term, the government must invest in renewable 

energy sources and other alternative sources of energy to reduce the country's dependence on fossil 

fuels and improve the sustainability of the power sector. 
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ii. The need to harness all available energy sources is essential to address Nigeria's power challenges. 

The country has abundant natural resources that can be used to generate power, including coal, oil, 

gas, hydropower, solar, wind, and biomass. By tapping into these resources, Nigeria can increase its 

power generation capacity and reduce its dependence on fossil fuels, which are expensive and have 

significant environmental impacts. 

iii. The resource capacities for each energy source vary, and it is essential to consider each source's 

potential in the context of Nigeria's power sector. Nigeria has significant coal reserves, estimated at 

over 2 billion metric tons. The country also has significant oil and gas reserves, with proven reserves 

of over 37 billion barrels of oil and over 188 trillion cubic feet of gas [6]. Hydropower is another 

energy source with significant potential, with several dams and reservoirs already in place. Nigeria 

also has significant potential for solar and wind energy, with an estimated capacity of over 100 GW 

for solar and over 10 GW for wind [6]. Finally, biomass is another potential energy source, with 

significant potential for electricity generation from agricultural and forestry waste [10]. Exploiting 

all energy sources can offer several benefits, including increased power generation capacity, reduced 

reliance on fossil fuels, and improved sustainability.  

 

1.2 Problem statement 

The situation with Nigeria’s power availability is critically dire, with only 57.7% of the population 

having access to electricity, and a chronic supply deficit of over 25,000 MW. This has resulted in 

frequent power outages, load shedding, and reliance on expensive alternative energy sources. Despite 

being endowed with a variety of energy sources, including renewables such as hydro, solar, wind, 

biomass, tidal, and non-renewables like gas and crude oil, Nigeria's power supply mix is limited to 

only hydro and natural gas, which is inadequate for a booming population of over 200 million people 

with a high birth rate and increasing electricity demand due to factors such as industrialization. 

Existing studies on Nigeria's power supply mix are scarce and do not comprehensively address 

economic, environmental, and social objectives. Some studies have focused on specific aspects such 

as carbon emission pinch analysis, energy system simulations, energy consumption forecasts, and 

regional power supply scenarios. However, there is a gap in research that develops a holistic power 

supply mix for Nigeria, considering all available sustainable energy sources to meet the growing power 

demand while minimizing CO2 emissions, costs, and maximizing job creation, particularly for the 

youthful unemployed population. 

Given the urgency of the power poverty situation in Nigeria, there is a need for research that addresses 

the inadequacies in the power supply mix, generation costs, and job creation. This study aims to fill 

the research gap by developing a comprehensive power supply mix for Nigeria that considers 

economic, environmental, and social objectives, and proposes strategies to improve the power 

generation outlook in the country. Considering Nigeria’s power poverty, it is timely and of great 

importance to come up with a power supply mix that harnesses all the energy sources to address the 

power supply inadequacies, reduced generation costs, and creation of jobs for the youthful unemployed 

population. 
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1.3 Research gap  

Despite the growing global interest in renewable energy and sustainable power supply, there remains 

a significant research gap in understanding the unique challenges and opportunities faced by 

developing economies, including Nigeria. Existing literature often focuses on developed economies, 

and there is a lack of comprehensive research that specifically explores the pros and cons of existing 

power sources mix, identifies and prioritizes factors driving electricity sustainability, and investigates 

factors influencing the transition to renewables in developing economies, with a specific focus on the 

Nigerian power system. Additionally, there is a need for the development of predictive models that 

can optimize power supply mix in the context of developing countries, including Nigeria, taking into 

account factors such as energy demand, resource availability, and environmental sustainability. 

Furthermore, the application of system dynamics approaches to analyze the impact of renewable 

energy on power supply accessibility, affordability, and environmental sustainability in developing 

economies, including Nigeria, remains understudied. 

 

1.4 Research questions 
 

The research questions formulated for this study are as follows: 

 

1. What are the advantages and disadvantages of the current power sources mix in developing 

economies, including Nigeria, considering factors such as cost, reliability, environmental 

impact, and accessibility to electricity, and how can these findings inform policy decisions and 

strategies for sustainable power supply in these regions? 

 

2. What are the key factors driving electricity sustainability in developing economies, including 

Nigeria, and how can these factors be identified and prioritized to guide policy interventions 

and actions towards sustainable power supply in these regions? 

 

3. What are the factors influencing the transition to renewable energy sources in developing 

economies, including Nigeria, and how can these factors be systematically identified and 

prioritized to facilitate the adoption and integration of renewables in the power mix of these 

countries? 

 

4. How can an optimal predictive model be developed to determine a sustainable power supply 

mix for the Nigerian power system, considering factors such as energy demand, resource 

availability, and environmental sustainability, and how can this model be used to inform policy 

and planning decisions for a sustainable energy future in Nigeria? 

 

5. How can a system dynamics approach be applied to model and analyze the impact of renewable 

energy on power supply accessibility, affordability, and environmental sustainability in 

Nigeria, and what valuable insights can be gained from such analysis to guide policy 

formulation and decision-making towards sustainable energy development? 
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1.5 Scope of study 

The scope of this thesis is to develop a multi-objective optimization model for Nigeria's power supply 

architecture, which integrates indigenous sustainable energy sources for a sustainable power 

generation mix. The study aims to provide a roadmap for Nigeria's transition to renewables in line with 

Sustainable Development Goals 7 & 13. The study also seeks to identify the factors responsible for 

the rising electricity demand and slow transition to renewable energy sources in Nigeria and to 

investigate the impact of renewable energy on power accessibility, affordability, and environmental 

sustainability. 

 

The study utilizes the Hybrid Structural Interaction Matrix (HSIM) technique to prioritize the factors 

responsible for the rising electricity demand and slow transition to renewable energy sources. It also 

employs the system dynamics approach to investigate the impact of renewable energy on power 

accessibility, affordability, and environmental sustainability. 

 

The study uses the General Algebraic Modeling System (GAMS) to develop a multi-objective 

optimization model for Nigeria's power supply architecture. The model aims to minimize power 

generating costs, reduce CO2 emissions, and increase jobs. The study projects the power generation 

mix for Nigeria up to 2050, which includes large hydropower plants, solar PV, solar thermal, 

incinerator, nuclear, gas plants, combined plants, and diesel engine. The study also projects the jobs 

expected to be created, CO2 emissions, and the cost of power generation. 

 

The study is limited to Nigeria's power supply architecture and the factors responsible for the rising 

electricity demand and slow transition to renewable energy sources. The study does not cover the 

distribution and transmission of electricity or the political, social, and economic factors that may affect 

Nigeria's transition to renewables. The study's projections and recommendations are based on the 

assumptions and data used in the models and may change due to unforeseen circumstances or changes 

in policy. 

 

1.6 Aim 

Given the problem statement in section 1.2, the aim of this study is to develop a sustainable power 

supply mix model premised on holistic thinking for the Nigerian power supply system that would be 

able to meet the rising power demand while mitigating CO2 emissions, reducing power generating 

costs, and creating job opportunities. 

 

1.7 Objectives 

The main objectives of this thesis are as follows: 

1. Exploring the pros and cons of existing power sources mix of developing countries. 

2. Identification, prioritization and understanding of electricity driving factors for power supply 

sustainability in developing economies.  

3. Identification and prioritization of drivers affecting the transition to renewables in developing 

economies. 
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4. Development of an optimum predictive model for a sustainable power supply mix for the 

Nigerian power system. 

5. Modeling and Analysis of the impact of Renewable energy on power supply accessibility, 

affordability and environmental sustainability using a system dynamics approach. 

 

1.8 Original outcomes 

The outcomes of this study were published as part of this thesis in Scopus Indexed Journals. The 

original contributions and highlights of the articles with relevant chapters are as follows: 

Chapter 2. Sustainability of Power Generation for Developing Economies: A Systematic Review of 

Existing Power Sources Mix  

 Expansion of the existing literature of pros and cons of existing power supply mix of 

developing countries. 

 The findings contribute to the existing body of knowledge on the advantages and disadvantages 

of various energy modelling tools. 

Chapter 3. Identification and Prioritization of Electricity Driving Factors for Power Supply 

Sustainability: A Case of Developing and Underdeveloped Nations [46] 

 Expansion of the existing literature of factors responsible for the rising electricity demand. 

 The significance in terms of hierarchy of the twenty-two electricity demand drivers. 

 Weights of each of the electricity demand drivers which also determines their level of 

importance in driving the demand for electricity. 

Chapter 4. Identification and prioritization of factors affecting the transition to renewables in 

developing economies [47] 

 Expansion of the existing literature of factors responsible for the slow transition to renewables 

in Nigeria. 

 The significance in terms of hierarchy of the eighteen barriers responsible for the slow 

transition to renewables in Nigeria. 

 Weights of each of the barriers affecting the transition to renewables in Nigeria which also 

determines their level of importance in slowing down the transition to renewables. 

Chapter 5. Optimum predictive modelling for a sustainable power supply mix:  A case of the Nigerian 

power system [48] 

 The rising power demand for Nigeria can be met by harnessing the available energy sources. 

 Power generation capacity from each considered energy source. 

 Present and future electricity demand in the agricultural, industrial, transportation, and 

household sectors. 

 Nigeria can mitigate its CO2 emissions by the development of the sustainable power supply 

mix. 

 Influence of a sustainable power supply mix on costs. 

 Jobs created from the construction and operation of power plants as a result of the 

implementation of the power sources mix. 
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Chapter 6. Renewable energy impact on power supply accessibility, affordability, and environmental 

sustainability: A system dynamics approach  

 Expansion of the existing literature database on renewable energy’s impact on power 

accessibility. 

 Expansion of the existing literature database on renewable energy’s impact on power 

affordability. 

 Influence of renewable energy on environmental sustainability of power supply. 

1.9 Overview of the Thesis 

Chapter 1 covered the introduction and background, problem statement, aim, objectives, original 

outcomes and the thesis overview. Chapter 2 detailed the comprehensive literature survey on the 

potential of energy sources such as hydro, wind, biomass, etc., in developing countries together with 

the pros and cons of existing power sources mix in developing countries. Also, highlighting the pros 

and cons of various energy modelling tools utilized for the development of the power sources mix. 

Chapter 3 contained the factors that are responsible for the rising demand for electricity in developing 

countries. The identified factors were prioritized based on hierarchy and their normalized weights.  

Chapter 4 focused on the barriers for renewable energy transition in Nigeria. Chapter 5 contains the 

projection of the sustainable power supply mix, costs, CO2 emissions, and jobs. . Chapter 6 focuses 

on how renewable energy does affect the accessibility, affordability, and environmental sustainability 

of power supply. Chapter 7 provides the summary, conclusions of the thesis and recommendations 

for future work. 
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Chapter 2 

 

Sustainability of Power Generation for 

Developing Economies: A Systematic Review 

of Existing Power Sources Mix 
 

2.0 Chapter Overview 
The chapter on "Sustainability of Power Generation for Developing Economies: A Systematic Review 

of Existing Power Sources Mix" focuses on the current state and future prospects of power generation 

in developing economies, with a specific emphasis on sustainability. It reviewed and analyzed the 

existing mix of power sources in developing economies and assess their sustainability from economic, 

environmental, and social perspectives. 

 

This chapter begins with an introduction to the context of power generation in developing economies, 

highlighting the challenges and opportunities they face. These economies often have limited access to 

reliable and affordable electricity, which can hinder economic growth and social development. The 

chapter then provides a systematic review of the existing power sources mix in developing economies, 

which may include traditional sources such as fossil fuels (coal, oil, and natural gas), as well as 

renewable sources such as hydroelectric, solar, wind, biomass, and geothermal energy. 

 

The review evaluates the sustainability of these power sources from different angles. Economic 

sustainability considers the affordability and accessibility of power for local communities and 

industries, as well as the potential for economic growth and job creation. Environmental sustainability 

assesses the impact of power generation on the environment, including greenhouse gas emissions, air 

pollution, water usage, and land degradation. Social sustainability looks at the social implications of 

power generation, such as health and safety, social equity, and community engagement. 

 

The chapter discusses the advantages and disadvantages of each power source in terms of 

sustainability, taking into account the unique characteristics and challenges of developing economies. 

 

The selection of the GAMS modelling tool for multi-objective optimization in Chapter 5 was 

influenced by this chapter. The increasing demand for electricity in developing economies and the 

need for sustainable power generation solutions has also been highlighted in this chapter. Additionally, 

insights into the challenges of transitioning to renewable energy sources in developing economies have 

been provided. Overall, valuable insights that can guide policymakers and practitioners in developing 

sustainable power generation strategies for developing economies have been contributed by the 

chapter. 
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2.1 Introduction 
 

Power is generated by utilizing primary energy sources such as natural gas, biomass, coal, uranium, 

sunshine, wind, tidal, etc. In 2013, power constituted 18% of global energy demand, making it crucial 

to nations' social well-being and economic competitiveness [1]. Recent population boom, 

industrialization, modernization, and most recently, the arrival of the fourth industrial revolution have 

made power generation an issue of increasing global concern with a much more devastating effect 

on developing and underdeveloped economies [2]. Considering electricity’s versatility across all 

endeavors of human activity, including households, agriculture, industry, transportation, and the 

service sector, the need to objectively analyze various power generation mixes to determine their 

sustainability has become crucial. To name a few, the depletion of fossil fuel supplies, energy 

stability, global warming, and the damaging environmental effects of continuous utilization of 

specific power generation systems brings about a discussion premised on multi-objective 

optimization. This domain of the problem, which is strongly linked to electricity supply mix, 

equilibrium, and optimization, is worth investigating for the sustainability of the power sector in 

developing economies [3]. Coal and gas are still heavily utilized in the generating electricity in 

developing economies and this trend will continue until 2035, this is because of their vast oil reserves, 

and disregard for environmental, health, and safety implications [4, 5]. The negative impact of fossil 

fuels on the environment, health, and energy security are significant. As a result, Presidents from 

various countries convened for COP26 in the United Kingdom to address these global challenges. 

The 26th UN Climate Change Conference (COP26) in Glasgow (2021) is committing all nations that 

rely on carbon-related power generation sources to a sustainable facing out dealing with all the 

necessary support. These countries span from the developed nations (where carbon-centered power 

sources are utilized for heavy industrial and agricultural operations) to the developing and 

underdeveloped economies where (carbon sources are used primarily for power generation) [6].  

Assessing the U4RIA criteria against the power sources mix of developing countries considered in 

this study, accessibility is underpinned in the context of strategic energy planning. These consists of 

a community of practitioners (Ubuntu), retrievability (i.e., the data can be easily found and accessed), 

reusability (i.e., licensing practices that may allow reuse), repeatability (i.e., the modelling process 

can be repeated), reconstructability (i.e., complete meta data to reconstruct the modelling are 

available), interoperability (i.e., high compatibility of modelling output). and auditability (i.e., the 

transparency derived by the previous factors allows for peer review of the modeling). Among the 

attributes retrievability was particularly scarce due to the absence of shared infrastructure where data 

could be stored. Data used during the capacity development program were stored mostly in folders 

created ad hoc. From there local versions were created by each participant through time, in non-

collaborative ways and with no version control. This resulted in the absence of one common and 

updated database academia and governmental institutions could source from and could present as the 

reference. Without a common database, it is more difficult to establish a platform for communication 

and collaboration between institutions in building science evidence supporting the power source mix 

to the round table principles may increase the effectiveness and sustainability of the demand led 

support development partners given to countries engaged in strategic energy. 

In the case of the developing economies considered in this study, the expressed need is making the 
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national energy planning ecosystem more self-standing, efficient and lasting. This is envisaged to 

become important as the push for decarbonization, green energy and mixed renewable energy sources 

become fully entrenched as energy policies into the far future in several African countries. Links, 

websites, journals, conferences, webinars, videos and audio sources of information have been 

collated and preserved for easy retrivability. Reusability in this research was addressed under two 

auspices namely: reuseability of resource materials and reuseability of the documentation in the 

review paper all for future energy policies in underdeveloped economies. Reuseability of the resource 

materials is enabled by the achieved retrievability while reuseability of the research paper to guide 

the formulation of sustainable green energy policy across developing economies was facilitated 

through transparency in documentation. Repeatability herein was facilitated through the adaptable or 

adoptable nature of the multi-objective optimization energy mix model proposed at the tail-end of 

this review paper and fully developed and validated in an accompany energy mix optimization paper 

which technically is an extension and a continuum of this review paper. The adaptable nature of the 

proposed model entrenches the repeatability component of U4RIA. The term reconstructability was 

achieved in this research through the principle of systematic traceability for a possible enhancement. 

This was imbibed in the proposed multi-objective energy mix model. The model can be enhanced in 

all its sections via extension or reduction to meet a specific need. Interoperability was achieved 

through systems thinking. Diverse factors interlinked towards energy mix for sustainable power 

generation were identified from a holistic perspective and built into an integrated model that satisfies 

interoperability of multiple and diverse level of factors for effective energy policy. Auditability in 

this research is linked to every aspect of the research from conception to completion. The power 

generation planning, design, development, deployment, operations and discarding will be monitored 

by the community that formed part of the entire modeling process from scratch. As the world is 

transitioning to a sustainable power supply mix, accountability and potentially improved public 

acceptance (reasons behind U4RIA) as highlighted in this review are of great benefit if targets set at 

COP26 are to be achieved. 

Researchers have conducted studies to forecast the demand and supply of electricity due to the 

significant increase in demand. The increased interest in power demand and supply forecasts is 

primarily due to the growing population and the incorporation of new and advanced technology. A 

few of these technologies revolve around the ever-increasing use of rechargeable and renewable 

domestic and industrial devices, the growing need for distributed electricity, growing numbers of 

electric vehicles, and smart metering system. A reliable and workable optimum electricity supply 

mix can evolve with a sound knowledge of today’s electricity demand drivers. 

Electricity planning is at the forefront of most research work conducted around the world with 1,250 

publications in 2019 but studies carried in relation to the development of clean and affordable power 

sources mix are less than 300. This highlights the significance of achieving an equilibrium between 

electricity demand and supply for nations to meet their electricity supply obligations and mitigate 

GHG emissions. 

The significant determinants for a more robust power generation system vary across different 

societies, from developing to developed economies. Developing economies have a 3% electricity 

demand growth rate fueled by income levels, industrial output, and service rendering [7]. On the 

other hand, developed economies have a modest electricity demand growth rate of 0.7%, which is 
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driven by digitalization and electrification with a gradual migration towards a carbon-free electricity 

supply mix mostly made up of renewable energy sources [8]. Again, the electricity supply forecast 

is essential to policymakers, investors, and researchers because it can facilitate matching growing 

electricity demand with the available supply in the affected. 

The studies that have systematically reviewed various studies on power generation mix in developing 

countries that are in line with SDG7 (affordable and clean energy) are hard to come by or unavailable 

in the existing literature. This paper examined the pros and cons of various power supply mixes for 

developing economies in a way to attain a reasonable assessment of how to overcome the complex 

problem of insufficient power supply while reducing GHG emissions. This was done by summarizing 

power supply mixes that are in line with SDG 7 in developing economies and the various energy 

modelling tools that have been used in coming up with these power supply mixes. Thus, this review 

will contribute to the realistic representation and the accurate planning for an affordable and clean 

power generation mix.  Natural gas, coal, biomass, uranium, wind, solar, tidal, and other energy 

sources generate electricity. After being harnessed, these primary energy sources are frequently 

converted into heat energy (steam), which is then used to power a turbine connected to an electric 

generator to produce power. When it comes to wind, wind’s kinetic energy is used to rotate the 

turbine, whereas hydro uses the kinetic energy of water. Solar photovoltaics converts sunlight into 

electricity using a solar photovoltaic collector. Table 2.1 compares the power generation mix of 

Brazil, Argentina, Chile, Mexico, Nigeria, South Africa, Ghana, China, Egypt, Ethiopia, Cameroon, 

Malaysia, Pakistan, India, Kenya, Turkey, Thailand, and Iran for 2020. The developing countries 

chosen for this review were based upon the availability of literature on power generation mixes that 

are in line with Sustainable Development Goal (SDG) 7 that utilized different energy modelling tools. 

 

Table 2.1: Power generation mix, 2020 [9-26] 

Country Solar 

(MW) 

Hydro 

(MW) 

Biomass 

(MW) 

Nuclear 

(MW) 

Wind 

(MW) 

Thermal 

(MW) 

Geothermal 

(MW) 

Brazil 3,262 102,206 - 1,970 16,813 43,952 - 

Argentina 2,501 10,812 - 1,755 402 24,549 - 

Chile 5,194 7,280 438 - 3,720 12,773 39 

Mexico 5,795 12,612 408 1,608 6,977 55,776 951 

Nigeria 7 2,062 - - 10 11,972 - 

South 

Africa 

2,323 3,485 - 1,920 2,323 48,380 - 

Ghana 23 1,580 - - - 2,796 - 

China 253,430 370,160 23,610 49,890 281,530 1,130,870 - 

Egypt 190 2,832 - - 967 51,424 - 

Ethiopia - 3,743 - - 337 126 - 

Cameroon - 787 - - - 614 - 

Malaysia 132 4,359 - - - 28,301 - 

Pakistan 1,304 9,688 373 2,608 559 23,102 - 
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2.2   Renewable energy potential in developing economies  

This section examines the enormous potential of RES such as solar, wind, hydro, distributed renewable 

energy systems, and bioenergy as well as evaluating them against the U4RIA criteria.  

2.2.1 Solar energy  

The energy generated by nuclear fusion within the sun is referred to as solar energy. The latitude and 

climate of a certain location on Earth have an impact on how much sun energy is received [27]. 

Nigeria receives 1.804x1015 kWh of incident solar energy yearly with 6.5 hours of sunlight per day 

based on a surface area of 924,103 km2 and an average of 5.535 kWh/m2/day [28]. This study utilized 

the U4RIA criteria of retrievability in which data is easily accessible and auditability due to the peer 

review process undergone for transparency. According to Ghana's energy commission, there is a 

significant solar energy potential throughout the whole nation. With solar irradiation between 4 and 6 

kWh/m2, there is significant grid connection potential [29,30].  The data was collated through the 

involvement of energy experts both locally and internationally (Ubuntu), the data is easily accessed 

and critically reviewed (Retrievability and Auditability). Due to its tropical position, Malaysia has the 

highest chances of utilizing solar energy, according to P.D. Abd. Aziz et al. [31]. With an average 

daily solar irradiation of 4,500 kWh/m2/day, Malaysia likewise has a naturally tropical climate. Ubuntu 

criteria of U4RIA was considered in the gathering of data and the study underwent peer review 

showcasing auditability. Turkey, which has a typical Mediterranean climate and is located between 

36° and 42° N latitudes, has a considerable solar-energy potential, claim Kaygusuz and Sar [32]. The 

yearly radiation exposure is 2,610 hours with an average solar radiation intensity of 3.6 kW h/m2/day. 

The number of solar radiation occurrences on a horizontal surface and the duration of the day are 

counted by several recording stations in Turkey. Results for India showed that the yearly exposure to 

solar radiation was between 1,200 and 2,300 kWh / m², with an incidence of 4 to 8 kWh / m² in a day. 

There are 250–300 sunny days and 2,300–3,200 hours of sunshine per year. On 3,000 km2 of land, or 

0.1% of India's total land area, the country's power needs may be met. This study involved the input 

of various energy stakeholders (Ubuntu), it is also easily accessible (Retrievability) and underwent 

rigorous peer review (Auditability) [33–35]. Bob et al. [36] investigated the potential of solar energy 

in Ethiopia, where irradiation levels ranged from 180 kWh/m2 /month (in December) to 15.348 

kWh/m2 /month (in April) and from 207 kWh/m2 /month (in February) to 25 kWh/m2 /month (in April) 

(in May). According to the Laurea University of Applied Sciences [37], the average sun irradiation in 

Cameroon is 5.8 kWh/m2/day. The U4RIA criteria of retrievability in which data is easily accessible 

and auditability due to the peer review process undergone for transparency were all considered in this 

study.  As a developing nation, Mexico can generate vast amounts of power from solar energy. 70% 

of the nation receives more than 4.5 kWh/m2/day of insolation. Using photovoltaics that is 15% 

Kenya 51 826 28 - 331 749 828 

India 36,911 50,440 10,146 6,780 38,434 230,811 - 

Turkey 8,776 31,531 408 2,041 11,123 46,430 1,735 

Thailand 2,023 3,079 3,348 - 244 40,961 - 

Iran 450 15,976 234 1,000 300 48,800 - 
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efficient, 0.01% of Mexico could generate all the country's power. The U4RIA criteria of retrievability 

and auditability were considered in this study due to data availability and transparency [38]. Thailand 

has a lot of solar potential, especially in the southern and northern parts of the province of Udon Thani's 

northeastern region and certain locations in the center. Around 14.3% of the country gets between 19 

and 20 kWh/m2/day of daily sun exposure, while the other half gets between 18 and 19 kWh/m2/day. 

Thailand trails the United States in solar potential but surpasses Japan. This study is easily accessible 

(Retrievability) and transparent (Auditability) [39].   

PV technology can be complemented by CSP. High temperature heat is delivered to a typical power 

cycle using concentrating collectors. In order to produce electricity in accordance with the demand 

profile, efficient and affordable thermal energy storage technologies may be added into CSP systems. 

Additionally, CSP systems can minimize the requirement for "shadow plant capacity," which is 

necessary to ensure the ability to generate power during periods of low sunlight or wind, as well as 

offer grid services and, if wanted, black start capabilities. In order to avoid a significant share of 

expensive electric storage technology in the grid systems, it encourages the penetration of a high 

percentage of intermittent renewable sources, such as wind or solar power. It wasn't until 2007 that 

CSP technology began to be widely used commercially, mostly in Spain and the US. Nearly 6 GW of 

capacity is now in use, and 1.5 GW more are being built globally. Recently, markets have begun to 

develop, particularly in the Middle East and North Africa, but also in South Africa, India, and China 

[40]. 

2.2.2 Hydropower 

Hydropower potential exists in almost all developing and underdeveloped countries. This section 

examines the hydropower potential of a few emerging countries, focusing on Nigeria, South Africa, 

Kenya, Argentina, Ethiopia, Turkey, Cameroon, and Mexico. 

Nigeria has many rivers, waterfalls, and dams, making hydropower the country's main source of 

electricity production. The total hydroelectric capacity of Nigeria is thought to be around 14,750 MW. 

Only 1,930 MW have been used up to this point. This study involved the input of various energy 

stakeholders (Ubuntu), it is also easily accessible (retrievability) and underwent rigorous peer review 

(auditability) [41].Despite being currently underutilized, Cameroon's entire hydro potential is now 

estimated to be 23 GW, with a production capacity of 103 TWh per year. This study utilized the U4RIA 

criteria of retrievability in which data is easily accessible and auditability due to the peer review 

process undergone for transparency [42]. Turkey's gross annual hydro potential, which makes up more 

than 1% of the total worldwide, is 433,000 GWh. This data is readily available and easily accessible 

(Retrievability) [43]. The National Commission for the Efficient Use of Energy (CONAE) has already 

identified over 100 excellent locations, even though Mexico's true potential for this energy generation 

has not yet been determined. For instance, Veracruz and Puebla states are anticipated to produce 3,570 

GWh annually, which is equal to an average installed capacity of 400 MW. This study is easily 

accessible (Retrievability) and transparent (auditability) [44]. In comparison to other countries, South 

Africa has a low average annual rainfall of 500 mm. This, the seasonal flow of the nation's rivers, and 

extreme droughts or floods all have an impact on how much hydropower can be generated. The eastern 

escarpment, which has between 6,000 and 8,000 feasible sites, is where most of the country's 

hydroelectric potential is concentrated. 8,360 MW of hydropower are available in South Africa. 

Ubuntu, Retrievability and, Auditability are the U4RIA criteria considered in this country [45]. With 
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a theoretically feasible capacity of 130,000GWh, only around 23% of Argentina's theoretical total 

hydropower potential (354,000GWh, 40,400MW) has been utilized. About 9,780MW of the total 

generating capacity is now deployed (41% of the total capacity). The data was collated through the 

involvement of energy experts both locally and internationally (Ubuntu), the data is easily accessed 

and critically reviewed (Retrievability and Auditability) [46]. Ethiopia has a huge hydropower 

potential with an about 45,000 MW capacity [47]. Retrievability and Auditability are imbibed in this 

study [48]. About 6,000 MW of electricity are anticipated to be produced by Kenya's hydropower 

potential, which includes small-scale hydro facilities with a total capacity of more than 3,000 MW. 

This study is easily accessible (Retrievability) and transparent (auditability)  [49].  

Many African nations rely largely on hydropower, but during the past few decades, the frequency of 

droughts has had a significant impact on hydropower output. Installing floating photovoltaics (FPV) 

in existing hydropower reservoirs will assist offset hydropower output during dry spells, minimize 

evaporation losses, and sustainably meet the present and future energy demands of the rapidly 

expanding African population. The installed power capacity of current hydropower facilities may be 

doubled, and energy output can increase by 58%, producing an additional 46.04 TWh annually, as 

achieved, with less than 1% complete coverage. In this instance, the water savings might amount to 

743 million m3/year, resulting in an increase of 170.64 GWh in the annual hydroelectricity output. 

The data was compiled with the help of energy specialists from both domestic and foreign sources 

(Ubuntu), and it is simple to access and evaluate (retrievability and auditability) [50]. 

2.2.3 Bioenergy 

Photosynthesis produces biomass, which is a kind of indirect solar energy. The most common biomass 

energy source is fuelwood. This section will assess the potential of bioenergy in underdeveloped and 

developing countries, focusing on Nigeria, Mexico, Turkey, South Africa, Egypt, Cameroon, and 

Ghana. 

Nigeria's biomass resources are believed to be 8,102 MJ, according to Garba and Bashir [51]. In 

autonomous businesses, plant biomass may be used as a fuel source. Anaerobic bacteria might also 

mature it, producing highly flexible biogas at a low cost. Mexico has a potential for bioenergy that 

ranges from 2,635 to 3,771 PJ annually. This study involved the input of various energy stakeholders 

(Ubuntu), it is also easily accessible (retrievability) and underwent rigorous peer review (auditability) 

[52]. Turkey's yearly biomass potential is 32 million tons of oil equivalent (mtoe). Turkey has a 32 

million tons of oil equivalent annual biomass potential (mtoe). There is a total of 16.92 million tons of 

oil equivalent in recoverable bioenergy (Mtoe). Ubuntu, Retrievability and, Auditability are the U4RIA 

criteria considered in this study [53]. In South Africa, contemporary and household trash may generate 

around 11.000 GWh of electricity each year. This study utilized the U4RIA criteria of retrievability in 

which data is easily accessible and auditability due to the peer review process undergone for 

transparency [54]. Khalil [55] focused on how Egypt produces over 60 million tons of oil-equivalent 

annually, mostly from urban garbage, fuel crops, and agricultural products including sugar cane, rice, 

maize, and wheat, which can be utilized to generate electricity. The primary sources of Cameroon's 

biomass potential are agriculture and forestry. 66 locations added 2.7 million m3 of transformation 

capacity in 2006. The data was collated through the involvement of energy experts both locally and 

internationally (Ubuntu), the data is easily accessed and critically reviewed (Retrievability and 

Auditability) [56]. The accumulation of wood will rise to more than 2.5 million tons by 2020 and to 
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about 3 million tons by 2025 as a result of Ghana's expanding horticulture industry. Alone, the waste 

from ranches, forestry operations, and sawmills could generate 95 MW of power, enough to handle 

600 GWh annually. Ubuntu criteria of U4RIA was considered in the gathering of data and the study 

underwent peer review showcasing auditability [57]. 

2.2.4 Wind energy 

The wind is natural when the earth's surface warms up unevenly. The wind’s kinetic energy provides 

lift, which causes the blade of a turbine to spin. Blades coupled to a driving shaft rotate the electric 

generator, generating power. Wind power output has expanded significantly over the last 30 years, and 

governments are giving incentives to encourage the use of wind for power generation. This section 

will look at the wind potential of developing and underdeveloped nations focusing on Nigeria, Mexico, 

South Africa, Kenya, Ethiopia, Turkey, India, and Argentina. 

Similar to South Africa, wind speeds in Nigeria range from 4.0 to 5.12 m/s in the extreme north to 1.4 

to 3.0 m/s in the south. In most coastal locations, wind speeds range between 4.0 and 5.0 m/s, although 

they may exceed 8.0 m/s in hilly places. Ubuntu criteria of U4RIA was considered in the gathering of 

data and the study underwent peer review showcasing auditability [58–61]. Mexico has a 71,000 MW 

[62] wind energy potential, however only 1.7% of that capacity is now being used. This study is easily 

accessible (Retrievability) and transparent (auditability). There are 500 to 2,000 MW of wind energy 

in Malaysia. The data was collated through the involvement of energy experts both locally and 

internationally (Ubuntu), the data is easily accessed and critically reviewed (Retrievability and 

Auditability) [63]. Around Lake Turkana and the Ngong Hills, Kenya offers wind resource potential 

that might be used to produce power. In the northwest of Kenya, the average wind speed is around 9 

m/s at 50 m, but it is about 5-7 m/s at 50 m closer to the shore. This study utilized the U4RIA criteria 

of retrievability in which data is easily accessible and auditability due to the peer review process 

undergone for transparency [64]. Ethiopia's overall wind energy potential is more than 10,000 MW, 

claim Gaddadal and Kodicherla [65]. The U4RIA criteria of retrievability in which data is easily 

accessible and auditability due to the peer review process undergone for transparency were all 

considered in this study. The coast of South Africa has strong wind potential overall, with typical wind 

speeds of 4 to 5 m/s at 10 m altitude and 8 m/s in certain hilly areas. This study is easily accessible 

(Retrievability) and transparent (auditability) [66]. According to estimates, South Africa has a wind 

potential of 500 to 56,000 MW. Ubuntu, Retrievability and, Auditability are the U4RIA criteria 

considered in this country [67]. Turkey has an estimated 48,000 MW of wind energy capacity. 

However, there are only 7,012.75 MW of installed electricity capacity in the entire nation. This study 

utilized the U4RIA criteria of retrievability in which data is easily accessible and auditability due to 

the peer review process undergone for transparency [68]. The Centre for Wind Energy Technology (C-

WET) first pegged India's entire wind power capacity at about 45 GW; however, it recently increased 

that figure to 48.5 GW. This number is now considered to be the official estimate by the administration. 

Ubuntu, Retrievability and, Auditability are the U4RIA criteria considered in this study [69]. 

Furthermore, despite Argentina having a 2.5 TW projected offshore wind potential, no offshore wind 

turbines have yet been built. This study is easily accessible (Retrievability) and transparent 

(auditability) [70]. 

2.2.5 Geothermal energy 
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The Greek words "geo" (for earth) and "thermos" combine to get the word "geothermal" (heat). 

Geothermal energy is produced by the radioactive disintegration of minerals in the Earth's core, which 

results in the generation of radiant heat (alpha, beta, and gamma). This section examines the 

geothermal potential of several underdeveloped and developing countries, focusing on Mexico, 

Turkey, Ethiopia, Kenya, Cameroon, Argentina, and China. 

According to recent estimations, Mexico's geothermal power potential ranges from 2,310 MW to 5,250 

MW [71]. Turkey has significant geothermal potential, contributing to one-eighth of the global total. 

Turkey has a total geothermal potential of 38,000 megawatts (MW) (electric and thermal) [72]. 

Ethiopia is one of Africa's geothermal energy potential nations, with 5,000 megawatts (MW) [73]. By 

2018, Kenya has 653 MW of installed geothermal capacity, and further projects are being planned to 

enhance its proportion of the power generating mix [74]. The potential for geothermal energy in 

Cameroon has yet to be fulfilled. There are hot water locations. However, there have been no feasibility 

studies. To assess their genuine potential, tests have been carried out. They claim that the report on 

Cameroon is inaccurate [75]. According to Laura et al. [76], Argentina's geothermal potential is 490-

2010 MWe. However, this resource is now only used for direct purposes, such as balneology (52.7%), 

household usage (24.6%), home heating (4.6%), greenhouses (4.5%), aquaculture (1.5%), industrial 

applications (6.7%), and snowmelt (5.4%). Hui et al[77] .'s analysis revealed that China has 

considerable geothermal resources, making up around 8% of the world's geothermal energy reserves 

[78]. 

2.2.6 Distributed renewable energy systems 

The use of distributed energy resource (DER) projects is expanding in industrialized nations, 

particularly in Europe. This has made it possible to reduce CO2 emissions, utilize fewer primary 

energy sources (PES), and employ more renewable technologies [79]. However, low levels of 

economic growth and poor indices of human development are characteristics of undeveloped nations 

(HDI). Low income, unstable economic and governmental situations, historical barriers to technology 

transfer, high costs of technical innovation, and a lack of effective environmental and technological 

policies are the causes of these issues [80]. Nevertheless, recent decades of industrial development and 

educational advancements have sparked changes in several economic sectors, including the adoption 

of new laws and policies governing the energy markets [81]. The adoption of technology that might 

lessen environmental effect and promote social and economic growth in local communities has been 

encouraged by these changes [82]. As a result, the application of mathematical modeling tools has 

been provided, taking into consideration the unique characteristics of developing nations, for detecting 

trends, impediments, problems, possibilities, and benefits in the startup of distributed energy resources 

[83]. The greatest obstacle to expanding the contribution of renewable resources to energy generation 

in developing nations is the economic situation [84]. Therefore, employing more efficient technology 

is a means of encouraging the implementation of distributed energy systems as opposed to centralized 

ones. Based on unique criteria and the relative low reliance and operability with regard to the 

technologies that use fossil fuels and biofuels, there is a significant preference for renewable sources 

employed as the core of energy systems, especially in off-grid systems. Renewable energy use has 

grown in developing nations; for example, India has seen a 20% growth in generation from renewable 

sources. Brazil has created major economic mechanisms to promote the use of renewable energy 

sources in the energy sector's technological transformation [85]. However, the reliance on 

environmental factors forces the employment of conventional technologies as a fallback and the 
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incorporation of new technologies as storage units. As a result, capital costs rise and lead to a 

dependency on subsidies and outside strategies. Around 15% of the world's population lacks access to 

energy facilities, the World Bank reports. This group is primarily found in rural, low-income areas of 

emerging nations [86]. Therefore, it is crucial to take into account a variety of technical options when 

defining the design and configuration of the system rather of focusing on a single energy source and 

taking the availability of nearby energy resources into account. In this view, hybrid systems are viable 

substitutes for enhancing the systems' economic performance and quality of energy, notwithstanding 

the complexity involved in modeling and operating the units. Determining taxes and rates, however, 

is a significant issue. Despite the potential dual involvement of consumers and producers in the creation 

of DG projects, the primary actors in the deployment of DG systems at this time are external carriers, 

the government, and private companies. Therefore, a pressing problem for developing technologies is 

the establishment of appropriate tariff and pricing regulations for local manufacturing considering the 

needs of the end user [87]. The economic benefit for the end users must also be considered as a specific 

concern in this examination. Due to the establishment of a micro-grid and the existence of several 

linked players, this problem becomes more difficult. 

2.3 Power supply mix for developing economies 

Even among industry experts and veterans, the terms "renewable power supply" and "sustainable 

power supply" are frequently interchanged. Many sustainable energy sources are also renewable, so 

there is some overlap between the two. These two terms, however, are not synonymous. 

Renewable energy sources replenish themselves at a pace that enables us to meet our power needs. 

The sustainable power supply is from sources that can meet our current power needs without putting 

future generations at risk [88]. 

Energy efficiency (EE) is frequently promoted as a way to conserve both money and energy. By 

shifting the emphasis from saving to purchasing more goods and services, emerging nations will be 

able to expand more quickly while simultaneously fostering a more sustainable future for everybody. 

To support this development, developing nations are attempting to obtain more energy. The developing 

world's predicted increase in energy consumption spans South Africa, Indonesia, India, and South 

America. Between 2015 and 2030, it is anticipated that the overall energy consumption of emerging 

nations would increase by around 30%, nearly double that of industrialized nations. Developing 

nations' reliance on rising energy consumption to fuel economic growth (as opposed to mature 

economies, where energy demand has often already peaked) is somewhat a reflection of their stage of 

development. The argument that developing nations have more urgent objectives, such as the 

eradication of poverty, access to essential services, economic development, severe inequality, and 

public safety, is sometimes used to explain why these nations lack ambition in the area of energy 

efficiency [89]. 

 IEAs analysis [90] predicted that electricity demand would increase faster in the long run than any 

other energy source. Electricity is expected to supersede oil products as the principal ultimate energy 

carrier in the IEAs main scenario. Electricity has many advantages, including being generated 

exclusively by sustainable sources and emitting no carbon at the point of use. It is the most adaptable, 

effective, and controllable source of energy. This makes it likely that the transition to a clean energy 

economy would need a renewable power system with a diverse range of renewable energy sources. At 
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the same time, the growing need to increase power accessibility, combat climate change, and the local 

environment and health consequences of power generation emissions necessitate changing an energy 

system's environmental footprint. These ongoing worries have encouraged several policymakers and 

academics to develop tsustainable power source  mix for developing nations. This study summarized 

the pros and cons of each power source mix and compared them with the U4RIA criteria as shown in 

Table 2.2. The countries shown in Table 2.2 were selected based on the rigorous evaluation of 

available literature on power generation mixes that are in line with Sustainable Development Goal 

(SDG) 7, (affordable and clean energy) spanning from 2014-2021. 

 

Table 1.2: Overview of studies on sustainable power supply mix  

Country Objective of 

study 

Significant findings of 

the study 

 

Pros Cons U4RIA criteria 

employed 

References 

Brazil To assess the 

environmenta

l impact of 

hydropower 

generation in 

Brazil. 

The most significant 

contributor to air 

emissions from power 

generation is carbon 

dioxide. 

1. Lower 

pollution 

levels, as 

measured by 

carbon 

footprints. 

2. Cleaner and 

healthier 

environment

. 

 

1. Aside from 

hydro and 

bioenergy, 

other 

renewable 

energy 

sources 

appear to 

be non-

existent due 

to a lack of 

funding.  

 

 Retrievability 

 Reusability 

 Reconstructability 

 Auditability 

 

 

[91] 

Five 

scenarios for 

the Brazilian 

power 

industry until 

2050 were 

developed 

and 

evaluated. 

 

Scenarios with a more 

significant proportion of 

fossil fuels are the least 

desired, whereas wind 

and biomass-based 

scenarios are the ideal 

alternatives through 

2050. 

 

1. Positive 

impact on the 

environment. 

2. Job creation 

1. Policy 

constraint. 

 

 Retrievability 

 Reconstructability 

 Auditability 

 

 

[92] 

The study 

examined 

emissions in 

the Brazilian 

power 

production 

industry. 

 

According to Brazilian 

power generation 

estimates, CO2eq and 

NOx emissions per 

MWh are growing. 

 

1. Negative 

environmenta

l impact. 

2. The 

electricity 

mix is 

affordable in 

terms of 

emissions. 

 

1. Large 

hydropower 

plants are 

not 

considered 

sustainable. 

2. Electricity 

supply is 

dependent 

on rainfall.  

3. Lack of 

energy 

efficiency 

and 

 Ubuntu 

 Retrievability 

 Reusability 

 Auditability 
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conservation 

guidelines. 

 

 

Argentina To 

investigate 

the 

complementa

ry 

functioning 

of a hydro 

station and 

wind farm. 

 

The Hydro Power Plant 

(HPP) may be coupled 

with the new Wind Farm 

(WF) to reduce future 

active power leakage. 

 

1. Energy 

security. 

2. Reduction in 

carbon 

emissions. 

1. Financially 

challenging

. 

 

 Ubuntu 

 Retrievability 

 Reusability 

 Auditability 

 

 

[94] 

Energy 

conversion 

towards 

cleaner and 

explicit 

systems was 

investigated, 

and energy 

data for 

hydrogen 

storage of 

changeable 

renewable 

energy. 

 

Fossil fuels should be 

phased out in favor of a 

system that can store 

vast amounts of power 

and fuels. 

 

 

1. Hydrogen for 

sea 

transportation 

can be 

feasible 

 

1. Transition 

to 

renewables 

is slow. 

 

 Ubuntu 

 Retrievability 

 Reusability 

 Auditability 

 

 

[95] 

Chile Employment 

of bioenergy 

for electricity 

generation 

was studied. 

 

Biomass and biogas are 

typically employed for 

small capacity power 

generation, with biofuel 

used for transportation. 

 

 

1. Saves the 

environment. 

2. Employment 

opportunities.  

1. Unavailabil

ity of 

skilled 

workforce. 

 

 Retrievability 

 Reusability 

 Auditability 

 

 

[96] 

A complete 

assessment of 

Chile's 

electrical 

generation's 

environmenta

l 

sustainability 

across its 

entire life 

cycle. 

For six effects, it was 

13%, 98% better than 

solar PV, and for four 

categories, it was 17%, 

66% better than wind. 

 

 

 

1. Hydropower 

provides a 

cleaner and 

healthier 

environment, 

followed by 

wind and 

biogas. 

1. To reduce 

human 

toxicity, 

global 

warming, 

and 

ecotoxicities

, fossil fuels 

must be 

phased out 

of the 

current 

power 

supply mix. 

 

 Ubuntu 

 Retrievability 

 Reusability 

 Interoperability 

 Auditability 
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The 

environmenta

l influence of 

electricity 

generated 

from solar 

energy was 

investigated. 

 

PV systems will still 

contribute their quota to 

environmental 

degradation up until 

2050, according to the 

findings. 

 

1. Environment 

friendly. 

1. Until 2050, 

solar panels 

will have a 

substantial 

environment

al impact. 

 

 

 Reusability 

 Reconstructability 

 Auditability 

 

 

[98] 

Mexico The research 

investigated 

the present 

state of 

electricity 

generation in 

Mexico, with 

the social and 

environmenta

l issues. 

 

Renewable energy has 

great potential for power 

generation, but a lot still 

needs to be done by the 

government to ensure its 

integration target of 35% 

by 2025. 

1. Renewable 

energy 

systems 

(RES) have 

the potential 

to address. 

environment

al and social 

issues. 

2. Job creation. 

 

1. There is a 

cultural 

impact in 

places 

where RES 

are 

deployed. 

2. Because 

most 

technology 

is imported, 

there is a 

lack of long-

term 

developmen

t. 

 Retrievability 

 Reusability 

 Auditability 

 

 

         [99] 

This study 

generates and 

evaluates 

scenarios for 

achieving 75 

percent 

integration of 

renewables to 

have a 100 

percent 

renewable 

power 

system. 

 

To transition to a 100% 

renewable power supply 

system by 2050, 

electricity demand must 

be drastically reduced. 

 

1. The full 

potential of 

renewable 

energy can 

be realized. 

As a result, 

the harmful 

effects of 

fossil fuels 

will be 

eliminated.  

__________  Retrievability 

 Reusability 

 Reconstructability 

 Interoperability 

 Auditability 

 

 

[100] 

A 

sustainability 

impact 

assessment 

for electricity 

generation for 

solar thermal 

technology 

using the 

“Framework 

for Integrated 

Sustainability 

Evaluation” 

The findings highlight 

that solar thermal 

electricity plants (STE) 

plants will stimulate the 

economy and 

decarbonize the 

electricity supply mix, 

which will lead to a 

massive reduction of 

fossil fuels’ effect on the 

environment. 

 

1. The 

power suppl

y mix will 

help to boost 

the economy 

and create 

jobs. 

1. Social 

effects. 

 

 Retrievability 

 Reusability 

 Reconstructability 

 Auditability 
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was 

performed. 

 

Nigeria Review of 

developments 

in the 

utilization of 

concentrated 

solar power 

(CSP) and 

other solar 

energy 

technologies.  

The parabolic CSP is the 

cheapest with minor 

water usage. Still, it 

requires an adequate 

feasible application 

when minors to price per 

unit of energy and water 

utilization capacity. 

 

1. Less land 

requirement. 

2. Technical 

maturity. 

1. High capital 

cost. 

2. Water 

consumptio

n is high. 

 Retrievability 

 Reusability 

 Auditability 

 

 

[102] 

A thorough 

examination 

of Nigeria's 

readiness to 

clean and 

modern 

energy was 

conducted.  

 

In Nigeria, decentralized 

energy systems have 

been found to have 

significant advantages 

over traditional power 

generation. This holds in 

various areas, such as the 

environment, economics, 

efficiency, security, and 

dependability. 

 

1. Environmenta

lly friendly, 

efficient, cost-

effective, 

secure, and 

dependable. 

1. The scale of 

decentralize

d electricity 

projects is 

minimal. 

2. Only 

decentralize

d energy 

systems that 

involve 

users in 

planning, 

developmen

t, building, 

operation, 

and 

maintenance 

are long-

term viable. 

3. The federal 

government 

cannot 

provide the 

necessary 

funding. 

 

 Ubuntu 

 Retrievability 

 Reusability 

 Reconstructability 

 Auditability 

 

 

[103] 

The paper 

looks at how a 

sustainable 

power supply 

system will 

evolve until 

2050. 

The findings show that 

integrating renewables 

with various energy 

storage technologies will 

be a competitive 

alternative. 

 

 

1. In the 

medium 

term, 

incorporatin

g RE into 

the existing 

power 

supply mix 

is the most 

cost-

effective 

solution.  

1. It is 

necessary 

to have a 

policy that 

is both 

steady and 

supportive. 

 

 Ubuntu 

 Retrievability 

 Reusability 

 Auditability 
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2. Local and 

international 

investors 

will find it 

quite 

appealing.  

 

South 

Africa 

The study 

evaluated 

different 

renewable 

energy 

technologies 

(RETs). 

 

 

According to the 

findings, solar PV and 

wind were preferred over 

CSP. 

 

1. RE sources 

further 

enhance 

South 

Africa's 

social and 

environment

al benefits.  

 

1. Inadequate 

knowledge 

and 

maintenanc

e abilities  

2. Site 

suitability. 

 Ubuntu 

 Retrievability 

 Reusability 

 Reconstructability 

 Auditability 

 

 

[105] 

This study 

proposes an 

IEEM for 

South Africa 

that combines 

demand-side 

and supply-

side 

management 

(DSM). 

The study improves 

traditional grid 

expansion planning by 

providing practical 

policy advice on using 

IEEM to reduce related 

network losses, increase 

local energy resource 

use, and reduce 

construction and plant 

running costs. 

1. Beyond 

normal 

demand 

growth 

development 

and 

generation 

capacity 

estimation, 

conventional 

generation 

expansion 

planning 

(GEP) is 

advanced. 

1. Including 

industrial 

and 

commercial 

users in the 

analysis of 

flexible 

industrial 

loads 

(HVAC), 

revenue 

generation, 

and energy 

cost 

reduction is 

critical. 

2. The 

significance 

of social 

institutional 

processes in 

promoting a 

wise and 

equitable 

power 

growth has 

not been 

taken into 

account. 

 

 Retrievability 

 Reusability 

 Auditability 

 

 

[106] 

Ghana The report 

examines 

Ghana's 

Renewable 

Energy Act's 

regulatory 

The performance of 

Ghana's renewable 

energy strategy on-grid-

linked power has been 

determined to be 

inadequate compared to 

1. Will address 

environmenta

l and social 

issues. 

1. Slow in 

addressing 

the rising 

power 

demand. 

2. Rules are 

 Ubuntu 

 Retrievability 

 Reusability 

 Reconstructability 

 Auditability 
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structure, 

funding 

incentives, 

and other 

elements. 

its aim.  

 

 

partially 

implemente

d. 

3. Network 

grid is poor. 

4. Financing is 

difficult to 

obtain. 

5. Disparities 

in 

renewable 

energy 

policies. 

 

 

This paper 

examines the 

Renewable 

Energy Act 

and the 

regulatory 

structure. 

The policy's 

performance on grid-

connected electricity was 

judged to be below 

target. 

1. RE to be 

exploited to 

meet the 

growing 

electricity 

demand. 

2. Great for 

GHG 

reduction and 

ensuring 

sustainable 

development. 

 

1. Non-

implementat

ion of 

policies. 

 

 Ubuntu 

 Retrievability 

 Reusability 

 Reconstructability 

 Auditability 

 

 

[108] 

Building 

Ghana’s 

power system 

model using 

OSeMOSYS 

and OnSSET, 

we termed it 

"business as 

usual" 

(BAU). 

 

BAU might be a realistic 

alternative for lowering 

fossil fuel usage and 

CO2 emissions, but it 

comes with the risk of an 

unstable electricity 

supply. 

 

1. Good for the 

environment. 

___________  Retrievability 

 Reusability 

 Auditability 

 

 

    [109] 

Egypt This study 

evaluates 

Egypt's 

energy policy 

and identifies 

the potential 

to fulfill 

rising 

electricity 

demand. 

A balance of renewable 

and conventional energy 

sources is essential, the 

model's quantitative 

results suggest. 

1. Improves 

energy 

security. 

2. Reduction in 

emissions. 

3. Reduction in 

reliance on 

fossil fuels. 

1. Cost 

constraint. 

 

 Ubuntu 

 Reusability 

 Reconstructability 

 Auditability 

 

 

    [110] 

To shed light 

on utilizing 

Egypt's 

enormous 

Gasification for 

ammonia and diesel fuel 

production is the 

preferred energy 

1. Reduces 

carbon 

dioxide 

emissions. 

1. No policy 

2. Unavailabili

ty of 

incentives 

 Retrievability 

 Reusability 

 Auditability 
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agricultural 

residual 

resources 

optimally and 

identifying 

enablers for 

promoting 

long-term 

biomass 

energy 

generation. 

 

 

generation pathway for 

the implementation 

horizons. Even though 

no targets for biomass 

energy have been 

specified in Egypt's 

RE generation targets for 

2022, a target proportion 

of 3% should be set for 

biomass energy. 

 

2. It is possible 

to create 

fertilizer and 

diesel fuel.  

 

To predict the 

evolution of 

Egypt's 

electricity 

industry 

through 2040 

is assessed in 

terms of its 

economic and 

environmenta

l effects. 

Egypt's projected 

renewable penetration 

objective is primarily 

met by wind power 

technology. It may be an 

alternative to balance the 

country's vast renewable 

resource endowments. 

 

1. Wind, PV, 

and combined 

cycle are 

suitable 

technologies 

used in 

Egypt's power 

generation 

mix. 

1. Change in 

carbon 

emissions is 

moderate. 

 

 Ubuntu 

 Retrievability 

 Reusability 

 Auditability 

 

 

[112] 

Cameroon The 

electricity 

challenges in 

Cameroon 

and the 

potential and 

practical 

contributions 

of renewables 

to energy 

difficulties 

were studied. 

Cameroon will achieve 

future power objectives 

and ensure considerable 

growth in the country 

with appropriate laws, 

guidelines, policies, 

information, capacity 

building, and off-grid 

RE investment projects. 

 

1. Solves the 

problem of 

insufficient 

power 

supply. 

2. Energy 

security. 

3. Addresses 

environment

al and health 

challenges. 

1. Depends on 

rainfall. 

2. Inadequate 

financing. 

3. Non-

availability 

of funding. 

 

 Ubuntu 

 Retrievability 

 Auditability 

 

 

[113] 

Decentralized 

PV/wind/dies

el hybrid 

power 

generating 

long-term 

system 

viability and 

techno-

economic 

feasibility. 

 

A standard diesel-

producing system was 

hybridized to improve 

reliability and cost-

effectiveness. 

1. Achieving a 

sustainable 

power supply 

system. 

2. Reduction of 

emissions. 

3. Reduction of 

costs. 

___________

_ 

 Ubuntu 

 Retrievability 

 Reusability 

 Reconstructability 

 Interoperability 

 Auditability 

 

 

[114] 

The potential 

of geothermal 

energy for 

power 

There is unexplored 

geothermal potential in 

Cameroon. 

Consequently, renewable 

1. Energy 

security 

2. Power supply 

sustainability. 

1. No 

enthusiasm 

from the 

government 

 Ubuntu 

 Retrievability 

 Reusability 

 Auditability 
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generation in 

the Cameroon 

Volcanic 

Line is 

assessed by 

geological 

research. 

energy may reduce 

energy consumption, 

particularly in rural 

regions. 

 

to exploit 

the vast 

geothermal 

potential of 

Cameroon. 

 

 

 

Malaysia This paper 

suggests 

policy and 

industry 

roadmaps for 

the long-term 

viability of 

Malaysia's 

grid-

connected oil 

palm biomass 

renewable 

energy sector. 

 

According to the paper, 

synchronizing upstream 

and downstream palm oil 

agricultural activities is 

required to make the 

waste to energy industry 

viable. 

1. Job creation 

in the 

agricultural 

sector. 

2. Saving the 

environment. 

1. Translating 

an excellent 

idea into 

reality. 

 

 Ubuntu 

 Retrievability 

 Auditability 

 

 

[116] 

This article 

examines 

Malaysia's 

long-term 

power 

generating 

alternatives 

using the 

integrated 

MARKAL-

EFOM 

system 

(TIMES) 

model. 

According to the report, 

big hydropower and 

other indigenous 

sustainable energy 

sources can completely 

replace fossil fuels by 

2050. 

1. Diversificatio

n of the 

energy mix. 

2. Improvement 

of the 

economy and 

wellbeing of 

the 

population. 

3. A 100% 

sustainable 

power 

generation by 

2050. 

4. No need to 

embrace 

nuclear 

energy 

technology. 

 

 

___________

_ 

 Ubuntu 

 Retrievability 

 Auditability 

 

 

[117] 

Pakistan To make 

long-term 

electrical 

supply 

suggestions 

to close the 

demand-

supply gap. 

The study said that 

energy efficiency and 

conservation initiatives 

would help Pakistan 

close the supply-demand 

imbalance and finally 

balance its energy mix 

for power generation. 

 

1. Will solve the 

problem of 

insufficient 

power supply. 

2. Ensuring 

energy 

security. 

3. Combatting 

climate 

change. 

1. Financial 

constraint. 

2. Lack of 

commitment 

from 

policymaker

s. 

3. Need for 

energy 

efficiency 

 Retrievability 

 Auditability 
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and 

conservation 

measures. 

This study 

aimed to see 

if chicken 

manure could 

be used to 

generate 

electricity in 

Pakistan. 

 

Biogas from chicken 

manure may be used to 

generate power, and it is 

both practical and 

ecologically sound. 

1. Saving the 

environment. 

1. Unavailabili

ty of 

infrastructur

e. 

 

 Retrievability 

 Reusability 

 Reconstructability 

 Auditability 

 

 

[119] 

Wind energy 

is being 

harnessed for 

a long-term 

power source. 

Wind energy has the 

potential to be Pakistan's 

answer to the country's 

energy problems. 

 

1. Energy 

security. 

2. Economical 

3. Environment 

friendly.  

4. Conservation 

of 

conventional 

energy 

resources. 

 

1. Financial 

constraint. 

2. Suitable site 

location. 

3. Low-

frequency 

noise. 

4. Poor wind 

output. 

 

 Retrievability 

 Reusability 

 Auditability 

 

 

[120] 

India Examine 

multiple 

power 

demand 

scenarios for 

2015 through 

2030, based 

on publicly 

accessible 

data and 

trends. 

 

Both scenarios highlight 

the importance of fossils, 

renewables, and nuclear 

generation. For such a 

situation, both energy 

and environmental 

policies should be 

developed. 

 

 

 

1. Reduction of 

high carbon 

emissions. 

1. High cost 

of 

maintenanc

e. 

 

 Ubuntu 

 Retrievability 

 Reusability 

 Auditability 

 

 

[121] 

An hourly 

resolved 

model is used 

to predict a 

100% 

renewable 

energy 

transition 

pathway for 

India until 

2050. 

 

According to the 

findings, a decarbonized 

power system will be 

achieved by 2050.  

1. Cost savings. 

2. Net zero-

emission 

option. 

3. Competitive. 

 

1. Disposal of 

nuclear 

waste. 

2. Health risks. 

3. Constraint 

of funds for 

research and 

development

. 

 Retrievability 

 Reusability 

 Interoperability 

 Auditability 

 

 

[122] 

An in-depth 

look at India's 

solar energy 

potential, 

current 

Various devices can be 

powered by solar energy, 

with coal plants 

providing 70% 

electricity. 

1. Emissions 

reduction. 

1. Lack of 

knowledge 

of 

renewable 

energy 

 Ubuntu 

 Retrievability 

 Auditability 
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development 

status, and 

future 

possibilities. 

 

 

 

technologies

. 

2. Market 

barrier. 

3. Policy 

barrier. 

Iran The study 

examines 

Iran's bio-

power 

generating 

capability. 

The report estimates 

Iran's annual bio-power 

potential at 62,808,106 

kWh or 27% of total 

energy consumption. 

Bio-based power 

generation reduces CO2 

emissions by 4,096 kt/yr 

or 0.6 % of Iran's annual 

GHG emissions. 

 

1. Practical way 

of recycling 

biowaste. 

2. Potentials of 

GHG 

emissions 

reduction. 

1. Animal 

waste 

managemen

t challenge. 

 

 Ubuntu 

 Retrievability 

 Reusability 

 Reconstructability 

 Interoperability 

 Auditability 

 

 

[124] 

From 2015 to 

2050, the 

report 

presents a 

power 

planning 

method for 

evaluating the 

long-term 

feasibility of 

future energy 

scenarios. 

 

The results suggest that 

the most significant 

scenario is Cl 32, in 

which non-hydro 

renewable energy 

contributes 32% of total 

power output. 

1. Reduction in 

GHG 

emissions. 

 

 

 

 

 

 

 

 

 

 

 

1. Policy 

barrier. 

 

 Auditability 

 

 

[125] 

Turkey The effects of 

nuclear and 

renewable 

energy on 

Turkey's 

economic 

development 

will be 

examined. 

Turkey's dependency on 

energy generation would 

be considerably reduced 

if nuclear power were 

produced. As a result, 

renewable and 

nonrenewable energy 

sources and nuclear 

energy must be 

employed to keep 

Turkey's development 

and power consumption 

in check. 

 

1. Will solve the 

problem of 

growing 

electricity 

demand. 

2. Energy 

security. 

1. Turkey is an 

earthquake 

zone, which 

might be 

disastrous if 

a nuclear 

disaster 

occurs.  

 

 Ubuntu 

 Retrievability 

 Auditability 

 

 

[126] 

To make 

sustainable 

energy 

decisions, 

energy 

generation 

systems must 

Solar PV and wind 

power, for example, 

have high ratings and are 

increasing their 

generation share. From a 

sustainability aspect, 

renewable energy 

1. Good for the 

environment. 

2. Energy 

security. 

1. Coal is still 

the primary 

energy 

source.  

 

 Retrievability 

 Reusability 

 Auditability 

 

 

[127] 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



  

31 | P a g e   

© University of Pretoria 

be compared. 

Consequently

, Turkey's 

primary 

seven power-

producing 

methods were 

given an 

output score. 

 

sources should be 

utilized entirely. 

Thailand This paper 

investigates 

the viability 

of boosting 

sun 

photovoltaic 

(PV) energy 

in current 

diesel-based 

power 

production 

systems. 

The optimal scenario 

would reduce COE to 

$0.374/kWh, CO2 

(796.61 tons/yr), and 

other gas emissions 

(21.47 tons/yr). 

 

 

 

1. Reduction of 

electricity 

cost. 

2.  Reduced 

emissions 

3. Reduction in 

fuel 

consumption. 

1. Increase in 

capital cost 

of the 

system. 

 

 Ubuntu 

 Retrievability 

 Reusability 

 Auditability 

 

 

[128] 

This research 

looked into 

the 

advantages of 

community 

renewable 

energy (CRE) 

programs 

supported by 

Thailand's 

Ministry of 

Energy. 

 

 

CRE initiatives may 

assist communities in 

various ways, including 

coexisting with human 

agricultural operations 

and forest conservation. 

1. Environmenta

l protection. 

2. Contribution 

to the 

sustainable 

development 

of 

communities. 

1. Policy 

constraint. 

 

 Ubuntu 

 Retrievability 

 Reusability 

 Reconstructability 

 Auditability 

 

 

[129] 

Mexico Investigate an 

alternate 

scenario for a 

Mexican Low 

Carbon 

Electric 

Power 

System from 

an 

environmenta

l and 

economic 

angle. 

 

By 2020, GHG 

emissions would have 

decreased by 33%, and 

by 2035, they would 

have reduced by 79%. 

 

1. Positive about 

the 

environment. 

2. Good for the 

economy. 

1. Cost 

constraint.                         

2. Policy 

barrier. 

 Ubuntu 

 Retrievability 

 Auditability 

 

 

    [130] 

The temporal 

energy 

Mexico has various areas 

with high energetic 

1. Sustainable 

power supply. 

1. Policy 

constraint. 

 Ubuntu 

 Retrievability 
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2.4  Power generation models 

Developing and analyzing computer models of power systems is known as power generation 

modelling. In these models, scenario analysis is widely applied. The system under consideration's 

viability, greenhouse gas emissions, total cost of ownership, resource use, and energy efficiency might 

all be outputs. There are many different strategies applied, from generally economic to broadly 

engineering [132]. Power generation models are instruments for analyzing energy policy and making 

medium- and long-term plans, according to the literature. They aid in establishing how energy 

technologies' technical and economic components interact and how choosing a particular technology 

affects energy security, accessibility, cost, and the environment. 

The significance of power modeling has grown along with the urgency of addressing climate change. 

The largest contributor to global greenhouse gas emissions is the energy supply sector [133]. The IPCC 

asserts that combating climate change would need a thorough overhaul of the energy system, including 

the substitution of unrestricted (non-CCS) fossil fuel production methods with low-GHG substitutes 

[134]. In models, mathematical optimization is widely employed to handle redundant system 

requirements. Operations research is the foundation for several of the methodologies. While nonlinear 

programming is sometimes used, linear programming is the most common (including mixed-integer 

programming). The strategies used by solvers might be conventional or genetic. Recursive-dynamic 

models have the potential to solve each time interval in turn while evolving over time. Additionally, 

hourly transient responses are necessary for models to fully reflect the real-time dynamics of renewable 

energy and energy demand management as their importance rises. 

In order to create pathways for the energy transition, particularly their ambitious decarbonization, 

policymakers and academics may simulate and assess energy systems using a variety of computer tools 

that cover a wide geographic range from towns to countries. Given that these models typically differ 

greatly from one another, these decision-makers and academics must select the most suitable power 

system modeling tool depending on the goal and particular objectives of their investigation [135]. 

Table 2.3 summarizes modelling tools, such as TIMES, EnergyPLAN, NECAL2050, LEAP, 

SWITCH, GAMS, Network Planner, ARDL, PLEXOS, GAMS, and MATLAB & MOSE were used 

for countries covered by this review. We came up with the modelling tools in Table 2.3 from the 

studies that were reviewed on power generation mixes that employed the models in Table 2.2. 

complementa

rity of solar 

and wind 

energy is 

illustrated in 

Mexico. 

complementarity, some 

presently being used. 

However, according to 

the research, there are 

still places in the 

country's center, and 

north that have not been 

explored and where 

renewable energy 

generating systems may 

be created. 

 

2. Positive 

about the 

environment. 

  Reusability 

 Interoperability 

 Auditability 
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The significance of power system modelling for energy planning cannot be overstated. This has 

prompted policymakers and academics to use various energy modelling tools to determine the best 

power generation mix for Nigeria, South Africa, Ghana, Kenya, Ethiopia, Egypt, China, and India. As 

a result, Table 2.4 provides an overview of modelling tools used by some underdeveloped and 

developing countries, including the application, the model used, study description, strengths and 

weaknesses of the models, and relevant references of each publication. The frequency of use of models 

in Fig. 2.1 is the number of studies from the total number of studies reviewed that employed each 

model. At 28% of policymakers and researchers adopting it, the LEAP model is the most used, 

followed by TIMES, GAMS, and SWITCH with 11% each. PLEXOS follows them, Network Planner, 

ARDL at 6%, MATLAB & MOSE, Network Planner, Portfolio approach, NECAL2050, and 

EnergyPLAN at 5%. 

 

Table 2.3: Summary of power modelling software [135-152] 

Name Type (open 

source or 

Propriety 

licenses) 

Developer About Uses Shortcoming 

The TIMES 

energy model 

 

 

 

Free and 

open-source 

software. 

IEA’s (ETSAP) TIMES utilizes a 

bottom-up multi-

period optimization 

model for the most 

cost-effective energy 

system. 

 

 

To assess a country's 

energy system includes 

primary energy supply, 

secondary energy 

conversion, energy 

service needs across 

multiple end-use 

industries, and the 

associated 

infrastructure and 

technology. 

Low resolution.  

The 

EnergyPLAN 

simulation 

program. 

 

Freeware Aalborg 

University's 

Sustainable 

Energy 

Planning 

Research 

Group 

It is designed to 

examine energy 

systems using 

various technical and 

economic 

methodologies. 

It's utilized for 

RE integration, 

studying combined 

heat and power (CHP) 

production, market 

exchange analysis, 

technical analysis, and 

feasibility assessments, 

among other things. 

Not efficient 

when modelling 

non-future 

energy systems. 

Nigerian Energy 

Calculator 

2050-

NECAL2050. 

 

Open-source UK-DECC and 

Nigerian 

Energy 

Commission 

(ECN). 

NECAL2050 uses an 

accounting system to 

match supply and 

demand continually. 

It combines a mix of 

present and future 

technologies to fulfill 

shifting demand. 

Evaluating various 

low-carbon scenarios' 

energy balance and 

GHG reduction 

potential. 

Lacks the 

capability to be 

utilized for 

modelling of 

different 

countries or 

regions. 

LEAP model 

 

Free use for 

academic 

purposes. 

Stockholm 

Environment 

Institute. 

It's a tool for 

assessing energy 

strategy and reducing 

It generates different 

scenarios for projected 

energy usage and 

Absence of 

optimization 

capabilities. 
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climate change. environmental effect 

depending on 

residential or industrial 

unit counts. 

 

MATLAB & 

MOSEK 

 

The free 

version is 

available for 

students. 

Cleve Moler The energy system 

model is a linear 

optimization tool. 

The optimal investment 

and generating 

technology 

combination to fulfill 

demand. 

 

Open-source 

available for 

students only. 

PLEXOS 

 

Commercially 

available. 

Energy 

Exemplar 

A modelling tool for 

the electricity, gas, 

and water market. 

Iterative planning 

procedures for lower 

costs and higher 

returns. 

Functions on a 

static database 

and doesn’t 

allow the 

inclusion of 

new generators. 

SWITCH model 

 

 

 

 

Commercial Fripp, Johnston 

& Maluenda 

An aggressive 

expansion model 

focuses on new 

generation and 

transmission assets 

and end-use and 

demand-side 

planning and 

management to 

explore system 

performance under 

different scenarios. 

Examines the most 

cost-effective energy 

systems that fulfill 

particular reliability, 

performance, and 

environmental quality 

requirements. 

Versatility is 

low. 

Portfolio 

approach. 

 

 

 

 

Free US Department 

of Energy CCS 

R & D 

management. 

A model that 

correctly depicts the 

decision problem's 

key characteristics. 

Provides a structure for 

the many forms of data 

that must be included 

in resource allocation 

choices and a 

systematic and 

repeatable procedure 

for assessing options 

against goals. 

Outcome is  

under-

calculated 

compared to the 

actual 

simulation. 

GAMS (General 

Algebraic 

Modelling 

System). 

Free for 

students. 

Alexander 

Meeraus , 

Richard C. 

Price, and Gary 

Kutcher. 

 

A mathematical 

optimization system 

with a high-level 

modelling system. 

Mixed-integer, linear, 

and nonlinear 

optimization problems 

may all be modeled 

and analyzed with this 

tool. 

Commercial 

software is 

expensive for 

young 

researchers. 

Network 

planner 

Free Modi research 

group, earth 

institute, 

Columbia 

University. 

Examining the cost 

of various 

electrification 

methods. 

Cost analysis RE systems 

such as small 

hydro, 

bioenergy 

plants, tiny 

wind turbines, 
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solar household 

systems, and so 

on are not 

considered. 

 

 

 

Fig. 2.1. Models used for power generation 

 

 

 

Table 2.4: Overview of energy modelling tools used in the selected developing countries 

Country 

 

 

Model 

 

 

Area of 

Application 

Description of 

study 

 

 

Strength Weakness References 

Brazil The 

EnergyPLA

N simulation 

program. 

 

1. Energy 

Planning 

 

100% RE system 

was researched. 

 

1. Renewable scenarios 

were able to be 

compared for 

technical, cost, 

emissions, and risk 

1. Not efficient 

when modelling 

non-future 

energy systems. 

 

[153] 

11%

5%

28%

5%5%

6%

6%

11%

6%

11%

6%

TIMES (The Integrated MARKAL-EFOM
System)

EnergyPLAN simulation program

Long-range Energy Alternative Planning
(LEAP) model

Nigerian Energy Calculator 2050-
NECAL2050

MATLAB & MOSEK

PLEXOS

Network Planner

GAMS (General Algebraic Modelling
System)

Autoregressive Distributed Lag (ARDL)
model

SWITCH  (Solar and wind energy
integrated with transmission and
conventional sources)

Portfolio approach
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parameters. 

LEAP 

model 

1. Analyse 

Energy 

Policy 

 

100% RE system 

was researched. 

 

1. Highlights how 

systematically 

accounting for health 

and climate costs in 

energy planning 

would economically 

justify the 

decarbonization of 

energy systems. 

- [154] 

 

Argenti

na 

LEAP 

model 

1. Emissions 

mitigation 

Evaluated the 

impact of a 

variety of climate 

change control 

policies. 

1. Based on scenarios 

and an energy-

environment 

modeling tool, it 

tracks both energy 

demand and 

environmental 

impacts on the same 

platform. 

2. It contains a TED 

talk (Technology and 

Environment 

Database). 

3. It is adaptable in 

terms of data 

availability, with a 

modest initial data 

need that may be 

increased if 

comprehensive data 

for the study area 

becomes available. 

 

- [155] 

LEAP 

model 

1. GHG 

mitigation 

Explored deep 

decarbonization 

pathways for the 

country until 2050 

which break with 

existing more 

conservative 

national 

scenarios. 

 

 

 

 

- 

 

 

 

 

 

 

 

 

 

 

- 

[156] 

Chile LEAP 

model 

1. Energy 

planning and 

analysis 

 Generated an 

energy and 

environmental 

model 

- -  

[157] 

LEAP 

model 

1. Energy 

modelling 

Examined 

different CO2 

emission baseline 

1. It's simple to use and 

ideal for measuring 

energy demand and 

- [158] 
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scenarios transformation in 

underdeveloped 

nations. 

Mexico The 

EnergyPLA

N simulation 

program. 

 

1. Energy 

planning 

Evaluates several 

scenarios of 

renewables 

incorporation into 

the Mexican 

electricity system. 

1. It allows for 

applying various 

energy methods in 

energy system 

analysis. 

 

1. Not efficient 

when 

modelling non-

future energy 

systems. 

 

[159] 

LEAP 

model 

1. Environmenta

l analysis 

Presented three 

scenarios relating 

to the 

environmental 

futures of Mexico 

- - [160] 

LEAP 

model 

1. GHG 

mitigation 

Analyzed the 

potential 

contributions of 

Carbon Capture 

and Storage 

(CCS) systems on 

the electrical 

sector, as well as 

the participation 

of the cement, 

metal and 

chemical 

industries. 

-- - - [161] 

 

 

 

 

 

 

 

 

 

Nigeria 

 

 

 

 

The TIMES 

energy 

model 

 

 

 

1. Energy 

planning 

100% RE system 

was researched. 

 

 

1. Over the whole 

modelling horizon, 

simultaneous 

operation and 

investment 

optimization across 

the entire energy 

system. 

2. Explicit portrayal of 

the economy's most 

important sectors. 

3.  Modular framework 

with the option of 

connecting to a 

quantifiable 

equilibrium model 

for an extra model to 

get insight into. 

 

1. Low resolution 

 

[135] 

The 

EnergyPLA

N simulation 

program. 

 

1. Energy system 

analysis 

2. Analyzing 

CHP 

production. 

This report 

proposes how 

electricity will be 

100% available in 

all parts of the 

1. It's a deterministic 

model that can do 

RES calculations 

using data that's 

both stochastic and 

2. Not efficient 

when 

modelling non-

future energy 

systems. 

[136] 
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country. 

 

intermittent.  

2. Different systems 

are optimized in 

different ways. 

3. With an hourly 

time-step, it may 

undertake an annual 

study of an entire 

innovative system. 

4. It models a RE 

system by taking 

losses and other 

technical factors 

into account. 

5. It may analyze 

district cooling and 

heating, electric car 

integration, 

RE integration, 

electricity 

import/export, etc. 

6. It allows for 

applying various 

energy methods in 

energy system 

analysis. 

7. Analytic 

programming, rather 

than dynamic, 

sophisticated 

mathematical tools, 

or iterative 

programming, is used 

for analysis. 

 

 

Nigerian 

Energy 

Calculator 

2050-

NECAL205

0. 

 

 

1. Energy 

modelling 

2. GHG 

emissions 

3. Land use 

Using the 

Nigerian Energy 

Calculator 2050, 

the researcher 

developed four 

scenarios; their 

energy balances 

and emissions 

were compared. 

 

 

1. The model's paths 

were created utilizing 

Nigerian data and 

economic and 

technological 

options. 

1. Under the 

heading 

"emissions from 

fuel burning," a 

more detailed 

examination of 

methods for 

reducing 

emissions from 

power 

generation, gas 

flaring, and 

transportation is 

gathered. As a 

result, it is 

impossible to 

achieve. 

[137] 
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LEAP 

model 

 

 

. 

1 Analyse 

Energy 

Policy 

2.  Mitigation of 

climate 

change 

Leap compared 

predicted 

emissions, 

demand, and 

supply from 

2010-to 2040. 

 

 

1. It's simple to use 

and ideal for 

measuring energy 

demand and 

transformation in 

underdeveloped 

nations. 

2. 

Based on scenarios 

and an energy-

environment 

modeling tool, it 

tracks both energy 

demand and 

environmental 

impacts on the same 

platform. 

3. 

It contains a TED 

talk (Technology and 

Environment 

Database). 

4. It is adaptable in 

terms of data 

availability, with a 

modest initial data 

need that may be 

increased if 

comprehensive data 

for the study area 

becomes available. 

5. It is free to use for 

researchers in 

underdeveloped 

countries. 

 

 

1. Lacks 

optimization 

capability. 

 

[138] 

 

 

 

South 

Africa 

 

 

 

MATLAB 

& MOSEK 

 

 

 

1. Engineering 

2. Finance 

3. Computer 

science 

South Africa's 

pathways to a 

completely 

decarbonized and 

low-cost power 

grid are studied. 

 

 

1. Conic, conic-integer, 

and convex nonlinear 

problems. 

 

1. Free for 

students only. 

 

[139] 

PLEXOS 

 

 

 

 

1. Energy 

planning 

For South Africa, 

this report advises 

boosting energy 

sector capacity to 

discover the best 

1. Simple computation 1. Functions on a 

static database 

and does not 

allow the 

inclusion of 

[140] 
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cost-effective and 

decarbonized 

energy mix. 

 

new generators. 

 

 

 

 

 

 

 

Ghana 

 

 

 

 

LEAP 

model 

 

 

 

 

__ The level to 

which Ghana 

might rely on 

biomass was 

studied. 

 

 

__ __ [141] 

Network 

Planner 

 

 

1. Investigating 

the costs of 

various 

electrification 

alternatives in 

un-electrified 

communities. 

Costs for 

providing 

electricity were 

evaluated using 

Network Planner. 

 

 

1. The model generates 

precise demand 

estimations. 

2.  Produces cost 

forecasts. 

3. Suggests the most 

cost-effective 

method of powering 

communities. 

1.  RE systems 

such as small 

hydro, 

bioenergy 

plants, tiny 

wind turbines, 

solar household 

systems, and so 

on are not 

considered. 

     [142] 

LEAP 

model 

 

 

. 

 

 

__ The research 

evaluates Ghana's 

existing electricity 

generating growth 

plan and 

compares it to 

potential 

development 

paths with 

increased 

Renewable 

Energy 

Technology 

adoption. 

 

 

__ __ [143] 

Egypt 

 

 

The TIMES 

energy 

model. 

 

 

__ This article 

establishes a local 

TIMES modelling 

basis for the 

energy industry. 

 

 

__ __ [144] 

 

 

 

Ethiopia 

 

 

 

 

GAMS 

 

__ Investigated the 

most cost-

effective 

investment 

choices for 

Ethiopia's various 

integrated  

 

__ __ [145] 
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 Energy sources. 

 

ARDL 

model 

 

. 

 

 

 

1. Economic 

scenario 

2. Energy 

planning 

3. Emissions 

assessment 

and so on. 

Under an 

improved EKC 

framework, the 

research 

emphasizes the 

influence of 

renewables and 

conventional 

energy sources in 

impacting 

emissions. 

 

 

1. Adaptable 1. Performs better 

for a small 

amount of data. 

 

[146] 

 

 

 

Kenya 

 

 

 

 

SWITCH 

model 

 

 

1. Planning 

transitions to 

low-emission 

electric power 

systems. 

2.  

The research 

looked at low-

carbon growth 

routes for Kenya's 

power industry. 

 

 

1. It allows users to 

compose customized 

models.  

1. Less versatile  

 

[147] 

LEAP 

model 

__ Three pathways 

were analyzed 

based on 

emissions and 

costs. 

 

 

__ __ [148] 

 

 

 

 

 

China 

 

 

 

 

SWITCH 

 model 

 

 

 

 

__ The financial and 

technical costs of 

a decarbonization 

scenario, from 

medium to long 

term, were 

examined 

considering 

extremely short-

term renewable 

variability. 

 

 

__ __ [149] 

LEAP 

model 

 

 

__ Investigations on 

how to reduce 

emissions were 

carried out. 

 

 

__ 

 

 

 

 

 

 

__ [150] 

Portfolio 

approach. 

 

1. Energy 

planning 

The article 

compared costs, 

efficient frontiers, 

1. C

haracterized by 

having a more 

1. Outcome is 

under-calculated 

compared to the 

[151] 
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diversification, 

and risk levels 

under various 

instances and 

scenarios. 

 

 

comprehensive 

capacity and 

conceptual 

richness. 

actual situation. 

Camero

on 

MESSAGE 

modelling 

tool 

1. GHG 

 mitigation 

Identified the 

energy electricity 

demand, proposes 

solutions, and 

calculates the 

greenhouse gases 

emitted in each of 

the interconnected 

networks 

available in 

Cameroon. 

1. Most basic data is 

only required. 

2. Models can be 

formulated using 

concise algebraic 

statements. 

 

1. Commercial 

software is 

expensive for 

young 

researchers. 

 

[162] 

Malaysi

a 

ARIMA 1. Energy 

forecasting 

Fitted the 40 years 

forecast up to 

2053 by assessing 

40 years of past 

data from 1973 

until 2013 

1. Simple to 

implement. 

2. No parameter 

tuning. 

1. Difficult to 

predict turning 

points. 

[163] 

LEAP 

model 

1. Energy  

planning 

Developed a few 

power generation 

scenarios with 

various fossil and 

renewable 

resource shares 

for Malaysia. 

1. Low data 

requirements. 

- [164] 

Pakistan LEAP 

model 

1. Energy  

planning 

Four supply side 

scenarios for the 

study period 

(2013–2035) have 

been developed 

for power 

generation. 

1. Flexibility - [165] 

LEAP 

model 

1. Cost analysis 

2. Energy planning 

Compared five 

supply side 

scenarios to find 

the best 

competitor of 

Business as Usual 

scenario and 

technically tries to 

increase the share 

of RE in 

electricity 

generation. 

1. It is free to use for 

researchers in 

underdeveloped 

countries. 

 

- [166] 

India 

 

GAMS 

(General 

1. Energy 

optimization 

This report 

examines the 

1. Models can be 

formulated using 

1. Commercial 

software is 

[152] 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



  

43 | P a g e   

© University of Pretoria 

 

 

Algebraic 

Modelling 

System). 

 

 

2. Environment 

assessment. 

3. Transportation 

and so on. 

region's power 

supply status for 

the year 2018. 

 

 

concise algebraic 

statements. 

2. Most basic data is 

only required. 

3. Data can be entered 

into the model 

without changing 

the algebra. 

4. Formulate linear, 

non-linear, and 

integer problems. 

 

expensive for 

young 

researchers. 

 

Turkey ARDL 

model 

1. GHG  

mitigation 

Examined the 

potential of 

renewable energy 

sources in 

reducing the 

impact of GHG 

emissions in 

Turkey. 

1. Adaptability 1. Performs better 

for a small 

amount of data. 

[167] 

LEAP 

model 

1. Environmental 

analysis 

Presented the 

outcomes of the 

environmental 

impact assessment 

of renewable 

energy scenarios 

relevant with the 

sustainable 

perception in 

Turkey using 

energy modelling 

for the period 

2014–2050.  

- -  

 

 

[168] 

Thailan

d 

LEAP 

model 

1. Energy security 

analysis 

2. GHG mitigation 

Estimated and 

analyzes the 

renewable energy 

potential in the 

energy mix in 

Thailand. 

- - [169] 

Iran MESSAGE 

modelling 

tool 

1. Long-term 

energy planning 

Focus was paid to 

the long-term 

adoption of 

renewable 

electricity 

technologies and 

their implications 

for emissions 

reductions in Iran. 

1. Helps design long 

term strategies by 

analysing cost optimal 

energy mixes, 

investment needs and 

other costs for new 

infrastructure, energy 

supply security, 

energy resource 

utilization, rate of 

introduction of new 

technologies 

(technology learning), 

- [170] 
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environmental 

constraints. 

 

 

 

2.5 Comparison of power modelling tools used in developing countries 

This section compares power modelling tools used in underdeveloped and developing countries 

summarized in Table 2.4. The power models reviewed in this study are either scenario analysis-based 

or optimization models. These models have been utilized to improve power access by looking to 

renewable energy and mitigating GHG emissions to achieve a sustainable power supply mix. A 

sustainable power supply mix among underdeveloped and developing economies will strengthen their 

economies, create jobs, improve the decaying infrastructure, security, etc. Such an electricity supply 

mix will address the significant issue of power accessibility, environmental and health risks, and global 

warming, which affects the entire world. The magnitude of the problem of global warming prompted 

nations to come together, as they have done in the past, to come up with significant outcomes that will 

significantly reduce rising temperatures to 1.5 degrees. The 26th UN Climate Change Conference 

(COP26) at Glasgow has several nations in attendance. The conference is keenly focused on addressing 

the issue of global warming, which is responsible for difficult situations of heavy rains leading to 

floods, excessive heat, and drought. The conference's primary goal is to convince governments to agree 

to keep global warming below 2%. The developed economies have pledged over 100 billion dollars 

annually to support developing countries in preserving their forest habitats and enhancing renewable 

energy investments. Furthermore, various developing countries have made pledges toward zero 

emissions. For instance, Nigeria, a powerhouse in fossil fuel exploration, has set a decarbonization 

target for 2060. Others include India with a target of 2070, Saudi Arabia with 2060, Israel 2050, 

Denmark 2050, etc. Several other nations, including South Africa, South Korea, Russia, China, 

Canada, the USA, etc., have also committed themselves via pledges towards achieving zero carbon-

based energy system emissions. Therefore, it's fascinating to look at these countries’ modelling tools 

to plan their electricity supply from literature. Comparing and contrasting each other in terms of 

application, strengths, and weaknesses. 

These power planning models have been utilized for energy system analysis and analyzing CHP 

production for the Nigerian power system in the case of EnergyPLAN. The ECN's NECAL2050 was 

used in energy modelling, GHG emissions, and land use. Policymakers and researchers used LEAP 

for GHG emissions, energy planning, and cost analysis for Kenya, Nigeria, China, and Ghana. The 

TIMES energy model has been used for energy planning studies in Nigeria and Egypt. GAMS, 

SWITCH, ARDL, Network Planner, MATLAB & MOSEK, and PLEXOS were adopted for cost 

planning, energy planning, economic scenario analysis, emissions assessment, and energy 

optimization in other developing and underdeveloped nations, including India, China, Ethiopia, South 

Africa, and Egypt. This clearly shows the diversity in which these models have been utilized. 

These power models have benefits and drawbacks, but none can be classified as the greatest or worst. 

Every approach has strengths and weaknesses based on its use in all planning implications and goals. 

Compared to other models, the NECAL2050 being a country-specific model using Nigeria’s data and 

economic and technical alternatives makes projections much more accurate and closer to reality. The 
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TIMES energy model has an advantage over models because of its simultaneous operation and 

investment optimization and explicit portrayal of the power system. Another model, LEAP is simple 

for energy planning, comes with a TED database, and is very adaptable to available data. These 

advantages have made LEAP the preferred modelling tool for developing and underdeveloped nations, 

mainly because of its low data requirements, adaptability, and ease of usage. LEAP is adaptable to a 

wide variety of users, from top global experts who want to devise policies and explain their advantages 

to decision-makers for trainers who wish to build capacity among new analysts who are taking on the 

challenge of comprehending the complexities of energy systems. NECAL2050 lists GHG emission 

sources as fuel combustion, industrial operations, solvent, and other product usages, agricultural, 

LULUCF, waste, bioenergy credit, and carbon capture and storage [138].  PLEXOS is simple for 

computation. MATLAB & MOSEK solves non-linear, quadratic, mixed-integer quadratically 

constrained, conic and convex problems. The network planner generates precise demand estimates 

compared to the other modelling tools in the literature. Finally, GAMS has the capability of entering 

data without changing the algebra. 

The challenges being confronted with by utilizing these modelling tools include low resolution as 

noticed when using TIMES, LEAP does not have optimization capabilities, Network Planner does not 

consider small hydro, bioenergy plants, small wind turbines, solar household systems, etc., and the 

remaining modelling tools such as GAMS, PLEXOS, MATLAB, SWITCH and so on. are free for 

students only. However, critical sub-sectors, including power generation, gas flaring, and 

transportation, are included under fuel combustion emissions. As a result, NECAL2050 cannot be 

utilized to do a more in-depth study of the options for lowering emissions from these primary sources. 

The GAMS, PLEXOS, and MATLAB have optimization capabilities. At various phases of the policy 

and modeling cycles, the limits of these energy modeling techniques do influence policy decisions. 

Models' effect on policymaking depends on both how successfully a country has used energy models 

and the procedures it uses to apply them. Additionally, it appears that variations in the use of models 

are depending on broader policy choices. Modeling is more frequently employed as an exploratory, 

auxiliary tool for goal-setting and effect evaluation. Models are often used more frequently as 

exploratory tools for aim formulation and instrument evaluation in policy processes with lower levels 

of internal disagreement. It was noted that models were more frequently employed to defend 

established ideas than to consider other perspectives. It is anticipated that model-based climate and 

energy policy advice will become more significant over time as policymaking becomes more 

complicated. Due to the case study nature and complexity of policy making processes, it is impossible 

to determine the extent to which models affected final policy decisions or to make firm generalizations 

about the circumstances in which models had a disproportionately positive impact.  

The study considered attributes such as low input data requirements, user support, user friendly 

interface, data set availability, ability to export results, adaptability, distribution capability, 

optimization capability, power system tracking, fuel availability, cost availability, etc., as shown in 

Table 2.5 to compare the various energy modelling tools considered in this study. This would help 

researchers and policy makers on choosing the best modelling tool based on the criteria. 
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Table 2.5: Evaluation of energy modelling tools 

 

 

 

2.6 Existing renewable projects for power generation in developing 
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development [171,172]. In comparison to developing economies, electricity consumption in 
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powered by electricity. These countries' electrical supply mix includes conventional and renewable 

energy sources [173]. 

Power outages are a significant issue in underdeveloped and developing countries, which rely heavily 

on diesel and gasoline-powered generators, polluting the environment and producing a lot of noise. 

RE sources should be adopted for power generation to meet this enormous power supply burden 

while also ensuring environmental safety, as supported by the literature used for this study [174–

178]. An electricity supply mix that includes renewable energy sources and existing energy sources 

is required to ensure a sufficient, cost-effective, and environmentally friendly power supply system.  

This section reviews several studies on renewable energy systems, microgrids, and smart grids for 

developing economies. This would be highly beneficial because it would allow such countries to 

design policies that would encourage the deployment of renewable energy sources. At the same time, 

investors would be able to look into renewable energy investment opportunities. 

According to international standards, South Africa has not paid much attention to the extensive 

deployment of hydropower generation. Except for a new small-scale plant with a capacity of 7 MW 

that was just commissioned in the Sol Plaatjie municipality Free State area, there has been no 

significant hydropower development in the last three decades. Hydropower electricity accounts for 

only 5% of the total installed capacity of 45,500 MW [179]. Only around 1,930 MW (14%) is 

generated in Nigeria's three most extensive hydroelectric power facilities, which are located in 

Shiroro, Kainji, and Jebba [180]. Small hydropower plants (SHPs) were built before Nigeria's 

independence. Currently, Kano, Sokoto, the plateau, and Ogun have eight SHPs totaling 37 MW. 

Egypt's hydropower capacity is 3,664 MW, with a 15,300 GWh yearly production. Currently, there 

are five significant hydropower plants [181]. With 280 MW, 85.68 MW, 270 MW, 64 MW, and 2100 

MW, Aswan I is the largest hydroelectric facility in Egypt. Egypt has mini/small hydropower 

potential. Table 6 shows the small/mini hydropower potential location, head (m), flow (m3/sec), and 

power (MW) [182]. Almost 80% of Brazil's electrical energy consumption (currently 60%) was 

generated by hydroelectric power facilities [183]. Following Russia and China, Brazil has the third-

highest hydroelectricity potential. In terms of installed hydroelectric power by the end of 2021, Brazil 

was the second-place nation globally (109.4 GW). [184]. According to the Energy Ministry, 17 

additional hydroelectric power facilities with a combined capacity of 3,517 MW are also being built 

around the nation. The capacity of Iran's current electricity production is 81 GW, with hydroelectric 

power accounting for around 16% of that total [185]. About 80% of Mexico's renewable energy 

supply still comes from hydropower, making it the greatest renewable energy source in the nation. 

By the end of 2017, hydropower accounted for 10% of all forms of energy generation in the nation, 

or around 17% of the total installed capacity. The nation's installed hydropower capacity is 12,125 

MW, while its potential hydropower output is predicted to be 27,000 MW [186]. With a total installed 

capacity of over 7000 megawatts (MW) of hydropower producing capacity in 26 hydroelectric dams 

around the nation, hydropower in Thailand is the largest renewable energy source in the country, 

surpassing both solar energy and wind energy. The Bhumibol Dam, which has eight turbines and a 

combined capacity of 749 MW, is Thailand's largest hydroelectric dam [187]. Sarawak Hidro's 2,400 

MW Bakun project, which became Malaysia's largest hydropower plant when it was opened in 2011, 

and Sarawak Energy's 944 MW Murum facility, which started full operations in 2015, are current 

examples of hydropower plants in Malaysia. Additionally, Sarawak Energy's 1,285 MW Baleh 
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project obtained state government clearance in 2016, and there are a number of other hydro projects 

in the works that may provide an additional 4 GW of capacity [188]. 197 hydropower facilities exist 

in India. The rise of authority in India began around the end of the 19th century. The Sidrapong 

Hydropower Facility, a hydroelectricity project in Darjeeling, was inaugurated in 1897. And a 

hydroelectric power plant was inaugurated in Sivasamudram, Karnataka, in 1902 [189]. The domestic 

hydropower potential of Cameroon is projected to be 23,000 MW, with 75% of this capacity 

concentrated in the Sanaga River basin, which lies in the country's north. But today, barely 3% of 

Cameroon's hydropower potential is being used. The building of the 200 MW Memve'ele 

hydroelectric project was finished in 2017. The Cameroonian government, the International Finance 

Corporation, and the EDF Group created the 420 MW Nachtigal hydropower project, the biggest 

independent hydroelectric project in Sub-Saharan Africa. The 1,800 MW Grand Eweng project, 

which will be finished in 2024 and rank as Africa's fourth-largest hydropower plant, is another 

significant project now under development [190]. In the Ethiopian state of Beneshangul Gumuz, the 

Blue Nile River is being developed for the Grand Renaissance Hydroelectric Project (GRHEP), 

formerly known as the Millennium Project of Ethiopia. With an installed capacity of 6,450MW [191], 

it will be the greatest hydroelectric project in Africa and one of the largest power plants still under 

development worldwide. 

Photovoltaic (PV) is extensively used in rural South Africa for lighting, household appliances, 

telecommunications, and water pumps. PV technology will be used up to 14% of the time. Supply 

will double by 2050 [192]. A French oil company developed one of Nigeria's most significant PV 

projects to produce 1,000 MW of solar electricity. The location is ideal for the project since it gets a 

lot of solar radiation and has numerous dispersed inhabitants [193]. Private companies from Egypt 

and abroad have offered to build 20 solar energy projects for $30 billion with a capacity of 20,000 

megawatts (MW) in only two years [194]. Brazil installed 17 GW of solar energy in August 2022. 

Brazil was the 11th greatest producer of solar energy in the world in 2021 (16.8 TWh), and it ranked 

14th globally in terms of installed solar power (13 GW) [195]. Ituverava and the Nova Olinda plants 

are the two biggest solar power facilities in Brazil. Both the Nova Olinda and Ituverava solar plants 

have outputs of 254 MW and 292 MW, respectively [196]. Bhumibol Dam Solar PV Park, with a 

capacity of 778 MW, is being built near Tak by the Electricity Generating Authority of Thailand. 

The primary project is anticipated to start in 2024 and go into operation commercially in 2026 [197]. 

In India, one of the most popular and quickly growing industries is solar power. The largest solar 

parks and electricity producing facilities in India are located in Tamil Nadu, Gujarat, Rajasthan, 

Telangana, Maharashtra, and Madhya Pradesh. One of the largest solar farms in the world, Shakti 

Sthala Pavagada Solar Park in Karnataka spans 13,000 acres and has a 2,000 MW power producing 

capacity. Kadaladi Solar Park, located in the Ramanathapuram district, is a projected 4,000 MW 

power station and 500 MW solar park constructed by Tangedco near Naripaiyur Village [198]. 

Although South Africa's wind energy potential is between 500 and 56,000 megawatts, the ESKOM 

Klipheuwel demonstration plant and the Darling wind farm have only produced 0.05%. There are 

many small wind turbines. However, they are not linked to the national grid [199,200]. The 10 MW 

wind farm near Rimi village, 25 km south of Katsina, is Nigeria's first. The average annual mean 

monthly wind speed in Katsina is 6.044 m/s. The wind farm has 37.55 m tall wind turbines with a 

275 kW rated output. The project is sponsored solely by the Federal Ministry of Power and is 98% 
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complete as of May 2015. The average annual mean monthly wind speed in Katsina is 6.044 m/s 

[201]. Egypt's Supreme Council of Energy authorized a proposal to use renewable energy sources to 

generate 20% of power by 2020. Wind energy may make up to 12% of overall energy usage. Wind 

farms at Zafarana and the Gulf of El-zeyt can produce 545 MW and 200 MW, respectively [202]. 

Brazil installed 22 GW of wind energy as of July 2022. Brazil was the fourth-largest producer of 

wind energy in the world in 2021 (72 TWh), after only China, the United States, and Germany [203]. 

In terms of installed wind power, Brazil ranked seventh in the world in 2021 (21 GW). Argentina 

offers a perfect environment for the generation of wind energy, with strong winds covering around 

75% of the country's surface. The Argentinian government authorized 6.5 GW of renewable energy 

projects between 2016 and 2019, bringing in investments totaling about $7.5 billion. Of this capacity, 

5GW are currently in use [204]. The amount of wind energy produced in Mexico is increasing 

quickly. Its installed capacity was 3,527 MW in 2016 and will reach 8,128 MW in 2020 [205]. 

The estimated biomass contribution to Nigeria's power sector is negligible and unavailable [206]. 

Egypt's biomass resources offer tremendous potential for energy production, despite minimal 

development. The most prevalent agricultural waste is wheat, maize, rice, and sugar cane. For Suzan 

Abdelhady and co. (ICAE2014), a year's worth of rice straw may provide 2,477 GWh of electricity. 

According to the FOA, Egypt is Africa's largest rice producer (Food and Agriculture Organization). 

In South Africa, specific paper and sugar mills burn bagasse to create steam, yielding over 210 GWh 

of energy each year. The streams in Kwazulu-Natal and Mpumalanga have the most biomass energy. 

It contains around 4,300 km2 of sugar cane plantations and 13,000 km2 of forestry farms. A sugar 

mill annually uses 210 GWh of paper and bagasse [207]. With 15,2 GW installed, Brazil ranked 

second globally in the production of energy from biomass (electricity from solid biofuels and 

renewable waste) in 2020 [208]. 

The South African National Energy Development Institute (SANEDI) says smart grid technologies 

would help South Africa achieve its desired energy mix. Without smart grids, large-scale renewable 

energy integration is impossible. In terms of service delivery, smart grid technology enables 

municipalities to use integrated systems and procedures, resulting in unprecedented efficiency and 

effectiveness. The South African National Energy Development Institute (SANEDI) says smart grid 

technologies would help South Africa achieve its desired energy mix. Without smart grids, large-

scale renewable energy integration is impossible. In terms of service delivery, smart grid technology 

enables municipalities to use integrated systems and procedures, resulting in unprecedented 

efficiency and effectiveness [209]. Johannesburg, the Municipality of Tshwane, and the Nelson 

Mandela Bay Municipality have all undertaken smart metering programs. The EThekwini 

Municipality is trialing smart meters for customers who are small-scale energy generators (SSEG), 

such as those with rooftop solar panels [210]. Smart grid technology paves the path for greater use 

of green energy from renewable sources. Nigeria's electricity industry has yet to progress to the point 

where it can accommodate smart grid technology [211]. Egypt's state-owned Egyptian Energy 

Holding Company (EEHC) will upgrade its electrical system with Schneider Electric's help. 

Schneider Electric will build four control centers to monitor and improve the electrical network in 

18 months. It will also deploy over 12,000 smart ring central units nationwide. They aim to upgrade 

1,000 distribution points and substations. Hardware-based cybersecurity software will protect the 

network [212]. 
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In Africa, where the power grid has failed, microgrids and off-grid household solar systems are 

rapidly adopted. A gas-diesel hybrid microgrid powers the Zwartkop Chrome Mine and the 

Thabazimbi Chrome Mine in South Africa. ABB is also "drinking their own kool-aid" with a 

microgrid with a big solar footprint at the ABB Longmeadow Facility in South Africa [213]. Six new 

microgrids have been built in Nigeria at the same time as part of a World Bank-backed rural 

electrification scheme. The examples demonstrate the vast potential that can be realized by scaling 

up microgrid rollout efforts. The solar hybrid microgrid projects in Nasarawa State will supply clean, 

reliable, and inexpensive electricity to around 5,000 families and 500 businesses. Six communities 

in the Doma and Lafia local government regions will access electricity [214]. The Sakuri Mine Solar 

Microgrid Project in Egypt, which will utilize smart grid technologies, is now under construction. 

The project has a 36MW rated capacity. Juwi is in charge of the smart grid initiative [215]. 

2.7 Conclusion  

The power supply is still very much insufficient in underdeveloped and developing economies. Most 

of these countries depend on coal and natural gas for power generation. Fossil fuels pollute the 

environment, are responsible for global warming, and harm people’s health. Developed nations like 

Germany, the UK, Switzerland, the USA, Canada, and others have significantly reduced carbon 

emissions from fossil fuel power plants [216,217]. Therefore, as a matter of urgency, there is a need 

for developing and underdeveloped economies to follow suit. Both developing and underdeveloped 

nations face the challenge of inadequate power supply, environmental, global warming, and health 

impacts from their existing power generation mix. All the studies reviewed suggested that having a 

sustainable power supply mix will address these challenges. Renewable energy sources such as solar, 

wind, hydro, biomass, tidal, geothermal, and even alternative energy sources such as nuclear energy 

are insignificant proportion. They should be captured and used for power generation. From literature, 

it is found that hydropower is the most utilized renewable energy resource, followed by solar power, 

wind, and then biomass. The slow transition to RE sources in underdeveloped and developing nations 

is attributed to governments' lack of commitment to significant policies, standards, and regulatory 

systems, making it difficult for local and foreign investors to invest. Another factor is non-existent or 

insufficient energy efficiency and conservation policies, social factors, unavailability of skilled 

workforce, natural causes such as lack of rainfall, land constraint, grants, and subsidies. To achieve a 

sustainable power supply system, rapid economic growth, and industrialization, factors such as energy 

efficiency, conservation regulations, microgrid technologies, and smart-grid systems require urgent 

attention. Determining the power supply mix of an underdeveloped and developing nation depends 

on the resources available in the region or the ability to import them, the amount of power to be 

provided, and historical, financial, societal, demographic, conservational, and geopolitical factors all 

influence the decision. As a result, the power supply mix varies from one country to another. Energy 

models incorporate these data to develop a power supply mix specific to the country being studied. 

The paper then reviewed various energy modelling tools utilized in developing an optimum power 

generation mix for these upcoming nations. These models used for power sources mix development 

include TIMES, EnergyPLAN simulation program, LEAP model, NECAL2050, MATLAB & 

MOSEK, PLEXOS, Network Planner, GAMS, ARDL model, SWITCH, and Portfolio approach. 

These models were compared to each other considering factors such as low input data requirements, 

user support, user friendly interface, data set availability, ability to export results, adaptability, 
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distribution capability, optimization capability, power system tracking, fuel availability, cost 

availability, etc., for selection criteria. It was found that every power modelling tool has its strength 

and weakness depending on its application in all the consequences and objectives of planning.  

The best way to address insufficient power supply in developing economies while also reducing GHG 

emissions is to invest in an optimal mix of harnessed sustainable energy sources. As reviewed in this 

study, developing countries have developed their own optimal power sources mix by utilizing the 

various energy modelling tools considered in this study. Developing an optimal supply mix involves 

optimizing various conflicting objectives such as clean and affordable energy (SDG7) that was 

considered in this study. This is now a multi-objective problem with two objectives (clean and 

affordable energy) that is solved subject to various constraints such as resource availability, emission 

factors, costs, etc., to come up with the optimal sources mix a developing country.  With regards to 

power modelling tools, a model should be chosen based on energy characteristics and objectives, and 

these models can be customized in such a way to meet the peculiarities of developing nations’ techno-

economic considerations. Energy mix optimization modelling and decision support system premised 

on systems thinking is an immediate future work being considered to foster the mission of power 

supply sustainability both in the developing and underdeveloped economies.  

This would result in the generation of weights for each specific factor. These weights would in turn 

be deployed into a multi-objective, multi-constraints optimization model for the conduct of 

simulation trials. Objectives that can be considered apart from those considered in SDG7 are: jobs, 

land utilization, water availability, costs, operation and maintenance, etc., subject to constraints such 

as: available land, water potential, costs constraint, jobs creation factor, and operation and 

maintenance factor. 
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Chapter 3 
 

Identification and Prioritization of Electricity 

Driving Factors for Power Supply 

Sustainability: A Case of Developing and 

Underdeveloped Nations 
 

3.0 Chapter Overview 
The importance of addressing the increasing demand for electricity in developing and underdeveloped 

countries, particularly in the context of the current pandemic-driven migration to virtual transactions 

and operations, cannot be overstated. The rapid rise in electricity demand has resulted in a significant 

supply deficit, which poses challenges to power availability and sustainability in these economies. 

Identifying and prioritizing the factors that drive power availability and sustainability is crucial for 

informed decision-making by policy makers and researchers in allocating resources effectively. 

 

The Hybrid Structural Interaction Matrix (HSIM) used in this chapter provides a weight-based 

prioritization model with a hierarchical structural layout of interacting factors, which can aid in 

determining the most significant drivers of power availability and sustainability. This approach allows 

for a systematic analysis and understanding of the complex interactions between various factors 

contributing to the booming electricity demand in developing economies. 

 

By prioritizing these factors, policy makers and researchers can make informed decisions and develop 

targeted strategies to address the issues of growing electricity demand and inadequate supply. This 

may involve investing in infrastructure development, diversifying the power generation mix, 

promoting renewable energy sources, improving transmission and distribution networks, and 

implementing demand-side management measures. Optimum predictive modeling based on weighted 

prioritized driving factors can provide valuable insights for formulating effective policies and 

strategies to ensure a sustainable power supply mix in developing and underdeveloped countries like 

Nigeria. 

 

This chapter will provide a roadmap for the implementation of the power supply mix developed in 

Chapter 5, with a strong emphasis on the importance of addressing the increasing electricity demand 

in developing nations. It cannot be emphasized enough that reducing electricity demand is a 

fundamental step towards realizing a sustainable power supply mix that is predominantly based on 

renewable energy sources. This chapter will outline strategies for decreasing electricity demand, which 

serves as a foundational step towards achieving higher levels of renewable energy penetration in 

developing nations. 
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3.1 Introduction 

One of the most important drivers for development in any nation is its ability to attain sustainable 

power supply. As a result of its versatility and direct affiliation with the functionability and operations 

of systems, electricity is used in a wide range of activities in our daily lives and in all sectors of the 

economy. This ranges from industrial through transportation, defence, agriculture and domestic 

applications amongst others. Inadequate power availability is the major reason for underdevelopment 

and unemployment in Sub-Saharan Africa and several Asian countries. Insecurity and insurgency, 

which has bedevilled most developing and underdeveloped economies, are inextricably linked to 

unemployment. The unemployment situation is often aggravated with incessant electricity supply 

following the recent trend of globalisation. As a result of this, an equilibrium between supply and 

demand for electricity is required. To accomplish this, all a country's energy resources must be 

harnessed into an optimal electricity supply system. 

The demand for electricity in developing and underdeveloped economies is growing like never before, 

with low per capita electricity consumption and approximately 620 million people in Sub-Saharan 

Africa without access to electricity [1]. Power supply is insufficient in Sub-Saharan Africa and certain 

Asian countries, such as India and Pakistan. This will continue to increase over the next 25 years 

according to the International Energy Agency (IEA) new policy scenario [2]. As a result of the rising 

demand for electricity, economic losses from power outages are expected to range from 1 percent to 5 

percent of these nations' GDP every year [2,3]. The stumbling block to these developing and 

underdeveloped countries' economic development is believed to be hinged on poor electricity supply 

[4,5]. As population, urbanization, income levels etc., increases, power consumption will surely 

skyrocket in years to come, this will worsen the situation of electricity deficit in these developing and 

underdeveloped nations. 

Studies conducted by the United States, Energy Information Administration (U.S. EIA), showed that 

demand for electricity by non-Organisation for Economic Co-operation and Development (OECD) 

countries will exceed that of the OECD countries by 89 percent in 2040 [6]. Due to several factors 

such as electricity access, GDP growth, industrialisation etc., there is an anticipated increase in power 

consumption. There are other factors which lead to the inclusion of other energy sources such as 

renewables and alternative energy sources to meet the electricity demand which include: energy 

efficiency and conservation, energy security, literacy, pollution etc.  To provide universal access to 

modern energy, the World Bank estimates that 2.6 billion people would need access to electrification 

by 2030, with 4.4 billion requiring electrical cooking services. This contributes to the causes for the 

non-OECD region's projected demand increase [7].  

This study has identified electricity driving factors and prioritised them for optimal allocation of 

resources based on the order of hierarchy or importance. This will minimise or eliminate the wasteful 

allocation of resources to driving factors in a bid to control their respective deployment. Policy makers, 

researchers and students will also find this research to be of great importance, because incorporating 

the most important electricity driving factors in determining electricity demand and optimum supply 

for a nation, will certainly provide an insight into the development of an effective management policy. 
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3.2 Methodology for Research 

The HSIM concept offers a method for investigating the impact of electrical driving variables on rising 

electricity demand in emerging and underdeveloped nations. A weighted component will be used to 

do a numerical analysis of ranking factors.  Based on the HSIM concept, dynamic models in resource 

allocation can be created. Resource decision making in such domains is ideal in the planning of water 

resources [8], as well as data mining approaches [9]. 

A multi-objective optimisation approach is another related technology allocation of resources [10]. 

Prioritization and planning of maintenance resources of safety engineering resources, [11] and [12] 

used the HSIM approach effectively. 

Some recognisable electricity demand driving variables in developing and underdeveloped countries 

were identified, prioritised, and ranked in order of significance using the principle of subordination. 

The normalised weight of variables was determined based on the estimated normalised weight of 

variables; the basic model of resource allocation was used to allot resources to the elements that have 

been identified. By directing more resources to the most weighted energy demand driving causes, the 

HSIM idea suggested in this work takes a method of dealing with the problem at its source. 

 

3.3 Assumptions, limitations, and constraints of study 
 

Limitations of the Study: 

1. Data Availability and Reliability: The study may rely on limited or incomplete data on 

renewable energy transition barriers in developing economies, which could affect the 

accuracy and reliability of the findings. 

2. Methodological Limitations: The use of the Hybrid Structural Interaction Matrix 

(HSIM) for prioritizing barriers may have inherent limitations, such as subjectivity in 

assigning weights or assumptions made in the modelling process. 

3. Time Constraints: The study may be limited by time constraints, which may affect the 

depth or comprehensiveness of the analysis and findings. 

Constraints: 

1. Access to Information: Constraints in accessing reliable and comprehensive data on 

renewable energy transition barriers in developing economies could limit the accuracy 

and robustness of the findings. 

2. Resource Limitations: Constraints in terms of funding, time, and human resources may 

affect the scope and quality of the study, including data collection, analysis, and 

interpretation. 

Assumptions: 

1. Homogeneity of Developing Economies: The study may assume that developing 

economies share similar characteristics or face similar barriers to renewable energy 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



  

69 | P a g e   

© University of Pretoria 

transition, which may not always be the case due to the diversity and heterogeneity 

among developing economies. 

2. Validity of the HSIM Model: The study may assume that the HSIM model is a valid 

and appropriate method for prioritizing renewable energy transition barriers, without 

considering potential limitations or criticisms of the model. 

3. Policy Relevance: The study may assume that the identified barriers are relevant to 

policymakers and academics without considering variations in policy contexts or 

stakeholder perspectives. 

4. Future Projections: The study may make assumptions about future trends and 

projections related to renewable energy transition in developing economies, which may 

be uncertain and subject to change. 

3.3.1 Identified Electricity Driving Factors 

In this section, the electricity driving factors which are responsible for the increase in electricity 

demand are presented in brief. Based on the identified factors, the suggested model's conceptual 

framework is presented. The sources of data utilized for this study were obtained from secondary, 

tertiary, and internet websites. The factors, which are listed from one to twenty-two are presented 

below:  

1. Gross Domestic Product (GDP): With a high GDP, a developing or underdeveloped country 

will have a high need for electricity. Because of the country's prosperity, demand for electrical 

products like air conditioners, freezers, heaters etc. will significantly increase [13]. 

2. GDP growth rate: The monetary worth of a country's goods and services is proportional to the 

consumption of electricity. As a country's GDP grows, so does its need for power [13]. 

3. Income: The money earned from salary, investments, perks, and gifts, among other things, 

directly influences the demand for power [14, 15, 16, 17]. 

4. Income growth rate: With an increase in earnings and pay, the demand for electrical gadgets 

and equipment will rise, as will the need for power [14, 15, 16, 17]. 

5. Population: Being a major driver for the increase in electricity demand, it places enormous 

strain on the limited power supply [13,15]. 

6. Population growth rate: The rapid rate of population growth is a serious concern for developing 

and underdeveloped countries. As the population grows, so does the need for power [13,15]. 

7. Energy efficiency and conservation: This is a strong motivator for incorporating renewable 

energy power into the existing power supply mix of these developing and underdeveloped 

nations [18].  

8. Health: A healthy society is an active society, which means greater activity in the 

manufacturing, service, agricultural, and transportation sector [14, 19]. 

9. Energy security: It is vital to lessen reliance on other nations for power, which increases demand 

for domestically generated electricity [18]. 

10. Literacy: This will enable countries to come up with new power generation sources. For 

instance, some countries have the human capacity to design, develop, operate, maintain, dispose 

and decommission nuclear power generation. Therefore, literacy is a driver for emerging and 

alternative energy sources [13, 15]. 

11. Life expectancy: The life expectancy of a population has a significant influence on the power 

consumption of a particular nation [20]. 
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12. Export trends: The possibility of producing power and profitably exporting it to bordering 

countries [18]. 

13. Pollution: Reducing or eliminating environmental pollution from fossil fuels used for power 

generation, whether on land or in the sea, is a primary cause for the rise in demand for renewable 

energy [21]. 

14. Transportation: The need for electricity will rise as more electric forms of transportation are 

introduced, such as electric vehicles, electric railways, and electric airplanes [22]. 

15. Households: The number of households has a major impact on the demand for electricity [13, 

15]. 

16. Household growth rate: As the nation's household rate rises, so does demand for electrical 

appliances and devices, which has a direct influence on power consumption [13, 15]. 

17. Urbanization growth rate: Migration from rural to urban regions of a country is a driver of 

power consumption [13, 23, 24]. 

18. Industry growth rate: A key reason for becoming a part of the expanding electricity demand is 

that developing and underdeveloped nations are seeking for ways to be self-sufficient in terms 

of production/manufacturing [14, 25]. 

19. Commercial/services growth rate: Commercial/service activity are increasing in emerging and 

underdeveloped countries, which is a key contributor to rising electricity consumption [14]. 

20. Agricultural growth rate: As agricultural operations expand, so will the demand for electricity 

for pumps used in irrigation, fumigation, lighting, farm machinery, and so on. [14]. 

21. Weather: Weather patterns are changing all throughout the world as a result of climate change. 

Temperatures are rising, demanding further and sustained cooling [26]. 

22. Human activities: Activities such as turning off electrical equipment while not in use or leaving 

them on influence the pattern of power consumption [13, 15]. 

 

3.3.2 Electricity Driving Factors Prioritization 
3.3.2.1  Concept of the HSIM Approach 

The concept of HSIM as stated in this paper, highlights the interaction between electricity driving 

factors and the growing demand for electricity. “The HSIM contains a weighting factor for further 

numerical examination of the components in the hierarchy, unlike the structural interaction matrix 

(SIM) idea, it illustrates the hierarchical organization of components using the subordination principle, 

and the hierarchical tree structured diagram (HTSD).” A given element pair can interact in a variety 

of ways, according to the HSIM principle. Only an interaction based on a specific contextual 

relationship, on the other hand, is relevant to the situation at hand. In contextual connections, the 

orientations of the elements that influence a system are frequently taken into account. As a result, the 

HSIM operational model is inextricably linked to the concepts of orientation and direction. As a result, 

if 𝑒𝑖𝑗=1, 𝑒𝑗𝑖=0, implying transitivity. As a result, elements i and j cannot interact meaningfully if 

elements j and i interact meaningfully.  

 

This is expressed mathematically in Eq. (1) as: 
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    𝑒𝑖𝑗 = {
1
0

      
𝑖𝑓 𝑖 𝑑𝑒𝑝𝑒𝑛𝑑𝑠 𝑜𝑛 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗,

𝑖𝑓 𝑖 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑑𝑒𝑝𝑒𝑛𝑑 𝑜𝑛 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗,
                                              1 

 

 

where 𝑒𝑖𝑗 denotes a row i and column j element. 

The procedure is laid out in a step-by-step manner for establishing the HSIM for a given collection of 

variables as depicted in Fig. 3.1. The following Fig. 3.2, depicts the essential processes necessary to 

obtain the HTSD. “In a hierarchical fashion, the HTSD illustrates the prioritization order premised on 

a tree structural diagram. It is built on the findings of the HSIM approach. It's often organized in such 

a way that line segments or edges connect a collection of components or vertices. Any two vertices 

can only have one route between them”. 
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    Fig. 3.1 HSIM development process [31]                    Fig. 3.2 The HTSD framework's flow diagram [31] 

 

 

 

 

 

 

 

Factors to be listed and numbered serially 

A contextual relationship of the factors to be established e.g., “does 

factor i depend on j for actualization?” 

A square matrix of dimension (n+1) will be drawn. Where n is the 

number of factors being considered  

The first element of the box matrix will be divided diagonally 

and i, j will be inserted at the lower half and j at the upper half 

respectively 

The row and column elements will be numbered from 

1 to n 

Using contextual relationship, a pairwise comparison of a 

row-column element will be formed 

Does the pairwise 

relationship agree with the 

contextual relationship? 

Element space 𝑒𝑖𝑗 to be filled with “1”  

Element space 𝑒𝑖𝑗 to be filled with “0” 

The process from steps 6 to 9 will be repeated until 

the entire matrix is filled up 

End 

Start 

All elemental spaces containing “1” to be located 

starting from the first row of HSIM 

From subordination by using arrows to connect row 

elements to the respective column elements where 𝑒𝑖𝑗 

Steps 1 and 2 to be repeated for the entire matrix 

If an element a is subordinate to two or more elements b, c, 

d, e, etc., and b in turn is subordinate to c and d, reduce 

number of arrows by drawing only one arrow from a to b, b 

to c, etc. 

Step 4 will be repeated for all the subordinates until all 

subordinates are connected by one arrow line, forming hierarchy  

End 

Start 
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3.3.2.2 Weight Determination of Electricity Driving    Factors 

Model for calculating weight: the methodology below was used to determine the weight/intensity of 

significance of the priority criterion in Eq. (2): 

𝐼𝑅𝐹𝑖 = {
𝑁𝑆𝐹𝑖

𝑇𝑁𝐹
𝑥𝑀𝑆𝑅} + {

𝑏

𝑇𝑁𝐹
(𝑀𝑆𝑅 − 𝐶) },                                                  2 

 

𝑐 =
𝑀𝑃𝑆𝐹

𝑇𝑁𝐹
𝑥𝑀𝑆𝑅,                                                                                            3 

 

𝑏 = 𝑁𝑆𝐹𝑖 + 1,                                                                                              4 

where 𝐼𝑅𝐹𝑖 is the intensity of factor i's significance rating, 𝑁𝑆𝐹𝑖 is the number of subordinate factors to 

a particular factor i, 𝑀𝑃𝑆𝐹 is the most number of subordinate elements that can be considered, C 

constant, b=𝑇𝑁𝐹 the proportion of variations, 𝑇𝑁𝐹 is the number of variables in total, 𝑀𝑆𝑅 the highest 

possible scale rating. 

 

3.3.2.3 Normalization of Weight 

 

The following technique was used to carry out the normalization process: 

1. For each of the twenty-two variables, the ratings were organized into a column matrix, as 

illustrated in Table 3.2. 

2. Each rating's nth root was calculated, where n denotes the total number of variables considered. 

3. Step 2's findings were added together, and a total was calculated. 

4. Step 2's nth root for each factor was divided by step 3's summation. 

 

These stages are combined to create the following model: 

 

𝑁𝑤𝑖 =
𝑥𝑖

1
𝑛⁄

∑ 𝑥
𝑖

1
𝑛⁄𝑛

𝑖=1

 ,                                                                                       5 

 

where 𝑁𝑤𝑖 is the factor's normalised weight i, N number of variables, and 𝑥 𝑖 is the original rate of 

factor i before normalization. 

 

3.3.2.4 Resource Allocation Model 

A model that can efficiently distribute resources based on the priority ordering of the various variables 

is required to reduce the negative consequences of the indicated electricity demand driving factors. 

The weight of each component is considered in the simplified resource allocation model below for an 

optimal resource distribution. It indicates that variables with a high priority and a high likelihood of 

being the root cause or beginning factor demand more resources. Rather of focusing on symptoms, this 
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paradigm focuses on resolving issues that stem from the root cause. The following is a generalized 

version of the model for optimal resource distribution: 

 

𝐶𝑖 =
𝑁𝑤𝑖

∑ 𝑁𝑤𝑖
𝑛
𝑖=1

𝑥 𝐶𝑇,                                                                                                                                        6 

 

𝐶𝑇 = ∑ 𝐶𝑖
𝑛
𝑖=1 𝑁𝑤𝑖 = 𝐶𝑖𝑁𝑤𝑖 + 𝐶𝑖+1𝑁𝑤𝑖+1 + 𝐶𝑖+2𝑁𝑤𝑖+2 + ⋯ + 𝐶𝑖+𝑛−1𝑠𝑁𝑤𝑖+𝑛−1 + 𝐶𝑖+𝑛𝑁𝑤𝑖+𝑛,      7 

 

where CT represents the total number of resources available, 𝑁𝑤𝑖  means the factor I's normalized 

weight, and 𝐶𝑖  signifies the number of resources accessible to each component. On the other hand, the 

model implies that the components are easily identifiable. One disadvantage of the method is that its 

impartiality cannot be guaranteed. 

 

3.3.2.5 Identified Electricity Demand Driving Factors Resource Allocation  

The normalised weights of the elements to be examined are input into the created resource allocation 

model in this phase. 𝐶𝑖 values vary from one component to the next, as previously indicated. However, 

elements with the same priority level are believed to be equally important, therefore they are allotted 

the same number of resources. 

𝐶𝑇 = ∑ 𝐶𝑖

22

𝑖=1

𝑁𝑤𝑖 = 𝐶1𝑁𝑤1 + 𝐶2𝑁𝑤2 + 𝐶3𝑁𝑤3 + 𝐶4𝑁𝑤4 + 𝐶5𝑁𝑤5 + 𝐶6𝑁𝑤6 + 𝐶7𝑁𝑤7 + 𝐶8𝑁𝑤8

+ 𝐶9𝑁𝑤9 + 𝐶10𝑁𝑤10 + 𝐶11𝑁𝑤11 + 𝐶12𝑁𝑤12 + 𝐶13𝑁𝑤13 + 𝐶14𝑁𝑤14 + 𝐶15𝑁𝑤15

+ 𝐶16𝑁𝑤16 + 𝐶17𝑁𝑤17 + 𝐶18𝑁𝑤18 + 𝐶19𝑁𝑤19 + 𝐶20𝑁𝑤20 + 𝐶21𝑁𝑤21 + 𝐶22𝑁𝑤22,      8 

 

3.4 Results 

From the study carried out, Table 3.1 highlights the HSIM, demonstrating the pair-wise connection 

between electricity demand drivers that were adopted for the benefit of this research. Then, the HTSD 

developmental guide is shown in Fig. 3.2. 

Tables 3.2 and 3.3 illustrate the HTSD framework's auxiliary variables and factor significance ratings 

are weighted respectively. 

The most rated element is 18, which is jointly followed by elements 1, 19 and 20 as highlighted in 

Table 3.3, whilst elements number 11, 14, 21 and 22 are the jointly least rated elements in respect to 

significance of driving electricity demand. The factor weights normalised for the considered electricity 

driving factors are shown in Table 4. The normalised weights are calculated using the following 

mathematical model:  

𝐶𝑇 = ∑ 𝐶𝑖

22

𝑖=1

𝑁𝑤𝑖 = 0.049𝐶1 + 0.048𝐶2 + 0.048𝐶3 + 0.047𝐶4 + 0.047𝐶5 + 0.046𝐶6 + 0.045𝐶7 +  0.045𝐶8 + 0.045𝐶9

+ 0.048𝐶10 + 0.039𝐶11 + 0.045𝐶12 + 0.047𝐶13 + 0.039𝐶14 + 0.046𝐶15 + 0.045𝐶16 + 0.045𝐶17

+ 0.049𝐶18 + 0.049𝐶19 + 0.049𝐶20 + 0.039𝐶21 + 0.039𝐶22,               9 
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 “Despite using the same constant value C to compute the normalization factor weights, different nth 

roots of 𝑥𝑖 and normalised weights for the factors were obtained. Factor 18 has the most important 

rating intensity, as well as the highest joint normalized weight for factors 𝑁𝑤𝑖”. 

 

3.5 Discussion 

In this study, electricity demand drivers for developing and underdeveloped nations were identified 

and prioritised. This was followed by the development of a hierarchical tree diagram and a resource 

allocation model [12]. The top-most priority level was given to rated items 13, 17, 18, 19, 20, as 

indicated in Fig. 3.3. They are elements that are directly responsible for rising electricity demand in 

emerging and developing economies. These variables are at the root of every increase in electricity 

demand. Elements 21 and 12 make up the second level of importance. These elements are a direct 

result of the components at the top of the hierarchy. Second-level factors are directly engaged in the 

beginning of following factors on the third, fourth, and fifth hierarchy levels, and so on. 

Table 3.3 shows the weight of each element in respect of both the subject matter and other variables 

examined, and it shows the intensity of relevance of the various electrical driving factors. The scale 

rating was believed to be in the range of 0 to 9, with 0 being the lowest and 9 being the highest [11]. 

The number of subordinate factors accessible to a component determines the principle of weighing or 

assigning degree of relevance to those factors. The goal is to make subsequent numerical analysis of 

prioritised elements easier. 

In summary, electricity demand amongst developing and underdeveloped economies is on the rise 

because of the direct impact of urbanisation, industrial, agricultural, commercial/services growth rates, 

and pollution. Therefore, in order to achieve sustainable power supply in these countries, the 

abovementioned electricity demand drivers need to be prioritised over other factors whether for policy 

making in the power sector, research or even designing an electricity supply mix that will be able to 

match the growing demand. 

The order or preference for implementing solutions to address rising electricity demand is expressed 

in the hierarchy of factors, whereas the number of subordinates assigned to a factor defines its degree 

of relevance or weight value. One of the most important advantages of activity prioritization is that it 

acts as a guide for successful power demand and supply forecasting by aiding policymakers, 

researchers, and students in choosing which set of systemic aspects should be addressed at various 

periods and to what extent. Knowing the elements' ranking order is one thing; knowing their various 

weights of importance in order to aid management decision-making is quite another. 
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Table 3.1: HSIM demonstrating the pair-wise connection between electricity demand drivers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                Table 3.2: The HTSD subordination table 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

i j 

1     2    3    4    5     6      7     8    9    10  11   12   13   14   15   16   17    18   19    20   21  22   

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 

2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 

3 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 

4 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 

5 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

8 1 1 1 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 1 0 0 

10 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

14 1 1 1 1 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 0 0 

15 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

18 0 0 0 0                                                  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

22 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Element 

number 

Number of 

subordinate 

factors 

Element 

number 

Number of 

subordinate 

factors 

1 6 12 1 

2 5 13 3 

3 4 14 0 

4 3 15 2 

5 3 16 1 

6 2 17 1 

7 1 18 7 

8 1 19 6 

9 1 20 6 

10 5 21 0 

11 0 22 0 
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Fig. 3.3: HTSD for electricity driving factors 

 

                                                                        

Table 3.3: Significance rating of factors 

                                                          

                                                                                                                                                                                                                                 

 

 

 

 

 

 

 

 

 

Element 

number 

Rating Element 

number 

Rating 

1 2.59 12 0.45 

2 2.16 13 1.30 

3 1.73 14 0.02 

4 1.30 15 0.87 

5 1.30 16 0.45 

6 0.87 17 0.45 

7 0.45 18 3.01 

8 0.45 19 2.59 

9 0.45 20 2.59 

10 2.16 21 0.02 

11 0.02 22 0.02 

Pollution (13) 
Industry growth rate 

(18) 

Urbanization 

growth rate (17) Commercial/services 

growth rate (19) 
Agricultural growth 

rate (20) 

Weather (21) Export trends (12) 

Energy security (9) 

GDP growth rate (2) 

Income (3) 

Income growth rate 

(4) 

Literacy (10) 

Population (5) 

GDP (1) 

Energy Efficiency 

& conservation (7) Health (8) 

Life expectancy 

(11) 
Human activities 

(22) 
Population growth rate (6) 

Households (15) 

Household growth rate 

(16) 

Transportation (14) 
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Table 3.4: Normalized weights for factors 

  
            

 

 

 

                     

 

 

 

 

 

 

 

 

 

 

             

  

                       

 

 

 

 

 

 

 

 

 

 

 

 

 

Element 

number 
C 𝐼𝑅𝐹𝑖 

1

𝑛
𝑥𝑖 𝑁𝑤𝑖 

1 8.59 2.59 1.04 0.049 

2 8.59 2.16 1.04 0.048 

3 8.59 1.73 1.03 0.048 

4 8.59 1.30 1.01 0.047 

5 8.59 1.30 1.01 0.047 

6 8.59 0.87 0.99 0.046 

7 8.59 0.45 0.96 0.045 

8 8.59 0.45 0.96 0.045 

9 8.59 0.45 0.96 0.045 

10 8.59 2.16 1.04 0.048 

11 8.59 0.02 0.83 0.039 

12 8.59 0.45 0.96 0.045 

13 8.59 1.30 1.01 0.047 

14 8.59 0.02 0.83 0.039 

15 8.59 0.87 0.99 0.046 

16 8.59 0.45 0.96 0.045 

17 8.59 0.45 0.96 0.045 

18 8.59 3.01 1.05 0.049 

19 8.59 2.59 1.04 0.049 

20 8.59 2.59 1.04 0.049 

21 8.59 0.02 0.83 0.039 

22 8.59 0.02 0.83 0.039 

 

                                                  
 Total 21.43  
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3.6 Conclusion 
 

This study has presented an objective measure for effective planning and decision making in respect 

of electricity driving factors in developing economies following the rising demand for electricity. The 

HSIM method was utilized to illustrate priority ordering via weight determination for the identified 

electricity driving factors. The proposed HSIM approach was adapted to a resource allocation model 

for optimum distribution of scarce resources the management and control of the driving factors. The 

research has incorporated many electricity-driving factors and demonstrated how they contribute to 

growing power demand levels. This study aims to establish a framework for power sector planning 

and decision-making. This would be especially beneficial in the development of a long-term solution 

towards the rising demand for power. Instead of wasting precious resources on trial-and-error 

approaches in addressing such problems, a root-cause approach premised on system drivers have been 

proposed. 

This study has identified and prioritized factors that contribute to the growing demand for electricity 

in developing and underdeveloped countries. These factors were discovered through various studies 

conducted for developing and underdeveloped countries such as Nigeria, South Africa, India, China, 

and Egypt, Ethiopia, among others. A future study related to this research would include a specific 

case study in a chosen developing or underdeveloped economy. This will help to achieve a more 

targeted outcome for a specific country. 
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Chapter 4 

Identification and prioritization of factors 

affecting the transition to renewables in 

developing economies 

4.0 Chapter Overview 
The significance of this chapter, focused at the identification and prioritization of factors affecting 

the transition to renewables in developing economies lies in its role as a roadmap towards the 

implementation of optimum predictive modeling for a sustainable power supply mix, specifically 

in the context of the Nigerian power system. 

 

This chapter serves as a critical foundation for the subsequent chapter on optimum predictive 

modeling by identifying and prioritizing the key factors that impact the successful integration of 

renewable energy sources in developing economies like Nigeria. It provides a comprehensive 

understanding of the challenges, opportunities, and potential barriers that need to be addressed in 

order to develop an effective predictive modeling approach for a sustainable power supply mix in 

the Nigerian context. 

 

By identifying and prioritizing these factors, such as regulatory frameworks, technological 

readiness, financial considerations, social and cultural aspects, and environmental considerations, 

this chapter helps to highlight the critical aspects that need to be considered during the 

implementation of optimum predictive modeling. It provides guidance and insights for decision-

makers, policymakers, and stakeholders on the key areas that require attention in order to ensure 

a successful transition to renewable energy sources in the Nigerian power system. 

 

Furthermore, this chapter serves as a roadmap by outlining the necessary strategies that need to 

be taken into account to address the identified factors and implement the optimum predictive 

modeling approach of chapter 5. It provides a framework for developing a contextually relevant 

and sustainable predictive modeling approach that takes into account the unique dynamics of 

renewable energy integration in developing economies like Nigeria. 
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4.1 Introduction 

The developed economies of the world are making a significant shift towards the use of renewable 

energy sources because of their low impact on the environment, capacity to regenerate, ability to 

provide jobs, price stability, improved health, reliability, resilience, and energy security. 

Developing and underdeveloped nations continue to rely on fossil fuels for their lighting, air 

conditioning, and heating needs, among other things. Consequently, it is necessary to determine 

the factors impeding the transition to renewables in developing countries and then rank them in 

order of importance. The process of transitioning to an energy mix made up of renewable energy 

sources will be sped up as a result and developing economies will be able to take advantage of all 

the benefits outlined above. 

The use of energy in developing countries is increasing at an unparalleled rate. There are about 

620 million people who do not have access to electricity in Africa and several Asian nations; this 

number is expected to continue to rise over the next 25 years [1, 2]. It is well acknowledged that 

these developing countries have significant challenges in terms of achieving economic growth [3, 

4]. As the population, economic growth, and a host of other factors continue to increase in these 

developing nations, the existing energy gap will only worsen. Sources of energy such as natural 

gas, biomass, coal, uranium, sunlight, wind, and tidal energy, among others, are utilized for 

various applications ranging from electricity generation, transportation, agriculture, etc. 

Electricity demand constitutes about 18% of the world's total energy consumption in 2013, 

making it an extremely important factor in both the social and economic well-being of countries 

[4].  

According to research carried out by the EIA of the United States, the demand for energy in non-

OECD countries would be 89% higher than that of OECD nations in the year 2040 [5]. Because 

of these alarming energy demand projections, it is of utmost importance for developing economies 

to transition towards renewable energy sources. This will enable developing countries to reduce 

their carbon footprint, and ensure that people have access to energy, improved health, and 

increased employment opportunities, among other benefits. Despite sensitizations and 

enlightenments, the contribution of renewable energy sources to the energy mix is just 23% in 

Nigeria [6], 10% in South Africa [7], 12% in Egypt [8], 4.5% in Malaysia [9], 36% in Pakistan 

[10], and 7% in Iran [11].  

This study identified and prioritized the factors that affect the transition to renewables in 

developing countries. This will ensure that resources are distributed in a hierarchical or priority 

manner. This study will be of substantial benefit to policymakers, academics, and students to 

establish an effective management strategy based on the most essential factors impacting the 

transition to renewables. 

4.2 Methodology for the research 

The Hybrid Structural Interaction Matrix (HSIM) approach was used for the prioritization of 

factors impeding the transition to renewable energy in developing countries. The analytical 

hierarchy process (AHP) is utilized for prioritization in sectors including maintenance, health, 

safety, and energy. With the incorporation of a weighting model into the prioritizing model, the 
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HSIM has a major advantage over AHP's inherent shortcomings due to its ability to formulate 

dynamic models in resource allocation and the adoption of a root-cause approach. Resource 

decision-making in such context benefits water resource planning [12] and data mining 

approaches [13]. The multi-objective optimization technique is another analogous strategy for 

resource allocation [14]. [15] and [16] effectively used the HSIM technique to prioritize and plan 

for safety engineering maintenance resources. 

To prioritize barriers responsible for the slow transition to renewables in developing economies, 

the concept of subordination inherent in the HSIM approach was used to effect the ranking order. 

Hence, to allocate resources to the identified barriers, the fundamental model of resource 

allocation was used with the normalized weight of variables.  

4.2.1  Identified barriers to renewable energy transition 

The barriers to renewable energy transition in developing countries as identified from various 

literature are briefly discussed in this section. The following are the barriers which are listed from 

one to eighteen: 

1. Competing against fossil fuels: Fossil fuels are still a cheaper alternative to renewables, 

making them very competitive in developing countries. 

2. Subsidies and government grants: More subsidies for fossilized energy sources put 

renewable energy sources at a significant disadvantage, impeding the transition to 

renewables in developing economies. 

3. Non or few renewables financing institutions: There is a restricted number of 

organizations and financial methods available to provide finance for renewable energy 

projects [17, 18]. 

4. High capital cost: Investors are forced to take a defensive stance owing to the 

comparatively high initial capital costs associated with renewable technologies [17]. 

5. Intangible expenses: At present, the total cost of fuel in practically all countries includes 

the cost of discovery, production, distribution, and usage, but it does not include the cost 

of the damage that it does to the environment and society [19].  

6. Inadequate infrastructure and facilities: A hurdle to the penetration of renewable energy 

sources is the limited availability of advanced technology that is required for renewable 

energy [20]. 

7. Poor attitude towards operation and maintenance: Because the technology behind 

renewable energy sources is still in its initial stages and has not been developed to its full 

potential, there is a paucity of knowledge surrounding its management and maintenance 

[21]. 

8. Inadequate R&D capabilities: Renewables in developing countries are still in their initial 

stages, making governments and investors cautious about investing [22]. 

9. Technology complexity: Renewable energy technologies lack standards, protocols, and 

recommendations for durability, dependability, performance, and other issues. This 

prevents the large-scale commercialization of renewable energy [23]. 

10. Barriers to public awareness and information: Understanding of renewable energy 

technologies, the environmental and economic benefits, and the financial viability 

constitute the major barriers to public awareness [23]. 
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11. 'Not in my backyard.' (NIMB) syndrome: Various people and organizations are in favor 

of renewable energy, but not in their backyards [24]. 

12. Loss of other/impact on other: Renewable energy sources need far more land than fossil 

fuels to provide the same quantity of energy [25]. 

13. Experienced professionals are scarce: Reducing dependence on fossil fuels requires a 

skilled workforce which is inadequate in developing countries [17]. 

14. Ineffective government policies: Energy policy instability, lack of belief in renewable 

energy technology, and under-equipped government institutions [26]. 

15. Inadequate financial incentives: Feed-in tariffs are government-sponsored subsidies 

designed to make renewables competitive but are absent in nearly all developing nations 

[27]. 

16. Administrative and bureaucratic complexities: Lobbying also results in higher expenses 

which in turn delay renewable energy projects [28]. 

17. Government commitments are impractical: There is a disconnect between the policy 

objectives governments choose to pursue and the actual outcomes accomplished via 

implementation [29]. 

 

18. Standards and certifications are lacking: Uncertainty arises as a result of the 

unavailability of standards, which forces energy suppliers to contend with additional 

impediments [30]. 

4.2.2 Limitations, constraints, and assumptions of study 

Limitations of the Study: 

1. Data Availability and Reliability: The study may rely on limited or incomplete data on 

renewable energy transition barriers in developing economies, which could affect the 

accuracy and reliability of the findings. 

2. Methodological Limitations: The use of the Hybrid Structural Interaction Matrix 

(HSIM) for prioritizing barriers may have inherent limitations, such as subjectivity in 

assigning weights or assumptions made in the modeling process. 

3. Time Constraints: The study may be limited by time constraints, which may affect the 

depth or comprehensiveness of the analysis and findings. 

Constraints: 

1. Access to Information: Constraints in accessing reliable and comprehensive data on 

renewable energy transition barriers in developing economies could limit the accuracy 

and robustness of the findings. 

2. Resource Limitations: Constraints in terms of funding, time, and human resources may 

affect the scope and quality of the study, including data collection, analysis, and 

interpretation. 

Assumptions: 

1. Homogeneity of Developing Economies: The study may assume that developing 
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economies share similar characteristics or face similar barriers to renewable energy 

transition, which may not always be the case due to the diversity and heterogeneity 

among developing economies. 

2. Validity of the HSIM Model: The study may assume that the HSIM model is a valid and 

appropriate method for prioritizing renewable energy transition barriers, without 

considering potential limitations or criticisms of the model. 

3. Policy Relevance: The study may assume that the identified barriers are relevant to 

policymakers and academics without considering variations in policy contexts or 

stakeholder perspectives. 

4. Future Projections: The study may make assumptions about future trends and projections 

related to renewable energy transition in developing economies, which may be uncertain 

and subject to change. 

 

4.2.3 Prioritization of factors affecting renewable energy transition 

4.2.3.1 Concept of the HSIM 

As mentioned in this study, the concept of HSIM highlights the interaction between barriers 

responsible for the renewable energy transition in developing countries. Unlike the structural 

interaction matrix (SIM) concept, a weighting factor for arithmetical investigation of the factors in 

the hierarchy is contained in the HSIM, and it illustrates the hierarchical organization using the 

subordination principle and the hierarchical tree-structure diagram (HTSD). According to the 

HSIM, a given element pair may interact in several ways. In contrast, an interaction based on a 

specific contextual relationship is relevant.  

The HSIM operational model is inextricably linked to the concepts of orientation and direction. 

As a result, if 𝑒𝑖𝑗=1, 𝑒𝑗𝑖 =0, implying transitivity and if elements j and i interact effectively, 

elements i and j will not be able to interact effectively. 

 

This is mathematically stated as Eq. (1): 

𝑒𝑖𝑗 = {
0  𝑖𝑓 𝑖 𝑑𝑜𝑒𝑠𝑛′𝑡 𝑑𝑒𝑝𝑒𝑛𝑑 𝑜𝑛 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗,

1  𝑖𝑓 𝑖 𝑑𝑒𝑝𝑒𝑛𝑑𝑠 𝑜𝑛 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗,
                                                                                      

                                                                                                           (1) 

where 𝑒𝑖𝑗 represents elements that are in row i and column j. The procedure for determining the 

HSIM is represented in Fig. 4.1 in a step-by-step way. The essential procedure to develop the 

HTSD is illustrated in Fig. 4.2. Which represents the priority order of a set of barriers, factors, or 

elements in a hierarchical order.  
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 Fig. 4.1.  HSIM development process [31]        Fig. 4.2. The HTSD framework's flow diagram 

[31] 

 

 

 

 

Start 

Factors to be listed and numbered serially 

A contextual relationship of the factors to be established e.g., “does 

factor i depend on j for actualization?” 

A square matrix of dimension (n+1) will be drawn. Where n is the 

number of factors being considered  

The first element of the box matrix will be divided diagonally 

and i, j will be inserted at the lower half and j at the upper half 

respectively 

The row and column elements will be numbered from 

1 to n 

Using contextual relationship, a pairwise comparison of a 

row-column element will be formed 

Does the pairwise 

relationship agree with the 

contextual relationship? 

Element space 𝑒𝑖𝑗 to be filled with “1”  

Element space 𝑒𝑖𝑗 to be filled with “0” 

The process from steps 6 to 9 will be repeated until 

the entire matrix is filled up 

End 

Start 

All elemental spaces containing “1” to be located 

starting from the first row of HSIM 

From subordination by using arrows to connect row 

elements to the respective column elements where 𝑒𝑖𝑗 

Steps 1 and 2 to be repeated for the entire matrix 

If an element a is subordinate to two or more elements b, c, 

d, e, etc., and b in turn is subordinate to c and d, reduce 

number of arrows by drawing only one arrow from a to b, b 

to c, etc. 

Step 4 will be repeated for all the subordinates until all 

subordinates are connected by one arrow line, forming hierarchy  

End 
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4.2.3.2 Factors impacting renewable energy transition weighted 

The weight calculation model: the following methodology was used to calculate the priority 

criterion's weight/intensity of significance in Eq. (2): 

𝐼𝑅𝐹𝑖 = {
𝑁𝑆𝐹𝑖

𝑇𝑁𝐹

𝑥𝑀𝑆𝑅} + {
𝑏

𝑇𝑁𝐹

(𝑀𝑆𝑅 − 𝐶) }                                                                                                                                                                  (2) 

𝑐 =
𝑀𝑃𝑆𝐹

𝑇𝑁𝐹

𝑥𝑀𝑆𝑅                                                                                                                                                                                                               (3) 

  𝑏 = 𝑁𝑆𝐹𝑖 + 1                                                                                                                                                                     (4) 

NSFi variables for a factor i. MPSF maximum subordinate factors, and IRFi is a factor's intensity of 

i's significance rating. TNF total amount of variables considered, and MSR maximum scale rating. 

C is the constant, b=TNF is the fraction of variations, and MSR greatest promising rating on the 

scale. 

4.2.3.3 Weight normalization 

The normalization was carried out using the following steps: 

1. Grouping of ratings to form a matrix for each of the eighteen factors, as shown in Table 

4.1. 

2. The nth root of each rating was determined, with n being the total number of variables 

investigated. 

3. The results of step 2 were added together to arrive at a total. 

4. The nth root of each element was used to divide the total in step 2. 

In Eq. (5), these steps are merged to give the following model: 

𝑁𝑤𝑖 =
𝑥𝑖

1
𝑛⁄

∑ 𝑥
𝑖

1
𝑛⁄𝑛

𝑖=1

                                                                                                                                                                                                                (5) 

where 𝑁𝑤𝑖 is the factor's normalized weight i, N number of variables, and 𝑥𝑖 is the original rate 

of factor i before normalization. 

4.2.3.4 Model for allocating resource 

It is vital to have a model that is capable of effectively distributing resources based on the priority 

of the various factors to reduce the negative impacts that are being caused by the aforementioned 

problems that are impeding the transition to renewables. The simplified model for allocating 

resources that follows takes into consideration, for the purpose of providing the best possible 

distribution of resources, the weight that each component carries. This indicates that factors with 

a high priority have a high probability of being the primary cause or initiating factor, and thus, 

they call for a greater investment of resources. In this paradigm, rather than concentrating on the 

symptoms of a problem, the emphasis is placed on finding and addressing its underlying causes. 

The generalized model for determining the optimal approach for resource distribution is 

represented in Eq. (6). 

𝐶𝑖 =
𝑁𝑤𝑖

∑ 𝑁𝑤𝑖
𝑛
𝑖=1

𝑥 𝐶𝑇                                                                                                                                                                                                            (6) 
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𝐶𝑇 = ∑ 𝐶𝑖

𝑛

𝑖=1

𝑁𝑤𝑖 = 𝐶𝑖𝑁𝑤𝑖 + 𝐶𝑖+1𝑁𝑤𝑖+1 + 𝐶𝑖+2𝑁𝑤𝑖+2 + ⋯ + 𝐶𝑖+𝑛−1𝑠𝑁𝑤𝑖+𝑛−1 + 𝐶𝑖+𝑛𝑁𝑤𝑖+𝑛                                                                           (7) 

CT represents available resources, 𝑁𝑤𝑖  represents the normalized weights of factor i and 𝐶𝑖 the 

number of resources available to each factor. On the other hand, the model implies that the 

components are easily identifiable. One disadvantage of the method is that its objectivity cannot 

be guaranteed. 

 

4.2.3.5 Identified factors affecting the transition to renewable energy resource allocation 

The identified factors' normalized weights are then entered into the resource allocation model. As 

previously stated, values for each factor. To be equivalent in criticality, factors with the same 

priority level are allocated the resource Eq. (8). 

𝐶𝑇 = ∑ 𝐶𝑖

18

𝑖=1

𝑁𝑤𝑖 = 𝐶1𝑁𝑤1 + 𝐶2𝑁𝑤2 + 𝐶3𝑁𝑤3 + 𝐶4𝑁𝑤4 + 𝐶5𝑁𝑤5 + 𝐶6𝑁𝑤6 + 𝐶7𝑁𝑤7 + 𝐶8𝑁𝑤8

+ 𝐶9𝑁𝑤9 + 𝐶10𝑁𝑤10 + 𝐶11𝑁𝑤11 + 𝐶12𝑁𝑤12 + 𝐶13𝑁𝑤13 + 𝐶14𝑁𝑤14 + 𝐶15𝑁𝑤15

+ 𝐶16𝑁𝑤16 + 𝐶17𝑁𝑤17

+ 𝐶18𝑁𝑤18 ,                                                                                          (8) 

 

4.3 Results  
The HSIM of the factors that were identified as barriers to renewable energy transition are 

highlighted in Table 4.1 with the HTSD being represented in Fig. 4.2. 

 

Table 4.1. HSIM pair-wise connection between factors affecting the transition to renewables in 

developing nations 
i j 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

1 0 1 1 1 1 1 0 1 1 1 1 0 1 0 1 1 0 0 

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

5 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

6 0 1 1 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 

7 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

8 0 1 1 0 0 1 0 0 0 0 0 0 1 0 1 0 0 0 

9 0 1 1 0 0 1 0 1 0 0 0 0 1 0 1 0 0 0 

10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

15 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

17 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 

18 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
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Table 4.2. The HTSD subordination table 

Number of 

elements 

Number of 

subordinate 

factors 

Element 

number 

Number of 

subordinate 

factors 

1 0 10 5 

2 4 11 1 

3 4 12 0 

4 1 13 4 

5 1 14 5 

6 3 15 4 

7 0 16 2 

8 2 17 1 

9 4 18 0 

 

In the HTSD framework, the variables and the significant rating weights of the factors are shown 

in Tables 4.2 and 4.3, respectively. 

As shown in Table 4.3, factors 1 (competing against fossil fuels), 7 (Poor attitude towards 

operation and maintenance), 12 (Loss of other/impact on other), and 18 (standards and 

certifications are lacking) are the least important when it comes to barriers for the transition to 

renewable energy in developing nations. The most important factors are 10 (barriers to public 

awareness and information) and 14 (ineffective government policies), followed by 2 (subsidies 

and government grants), 3 (non or few renewables financing institutions), 9 (technology 

complexity), 13 (experienced professionals are scarce), and 15 (inadequate financial incentives). 

The least important factors are 1 (competing against fossil fuels) and 7 (poor attitude towards 

operation and maintenance). Table 4 presents the normalized factor weights for the barriers of 

renewable energy transition.  

 

Table 4.3. Significance rating of factors 
Element 

number 

Rating Element 

number 

Rating 

1 0.028 10 2.667 

2 2.139 11 0.556 

3 2.139 12 0.028 

4 0.556 13 2.139 

5 0.556 14 2.667 

6 1.611 15 2.139 

7 0.028 16 1.083 

8 1.083 17 0.556 

9 2.139 18 0.028 
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Table 4.4. Normalized weights for renewable energy transition barriers 
Number of 

elements 

C 𝑰𝑹𝑭𝒊 𝟏

𝒏
𝒙𝒊⁄  

𝑵𝒘𝒊 

1 8.5 0.028 0.843 0.048 

2 8.5 2.139 1.037 0.059 

3 8.5 2.139 1.037 0.059 

4 8.5 0.556 0.972 0.055 

5 8.5 0.556 0.972 0.055 

6 8.5 1.611 1.023 0.058 

7 8.5 0.028 0.843 0.048 

8 8.5 1.083 1.004 0.057 

9 8.5 2.139 1.037 0.059 

10 8.5 2.667 1.048 0.060 

11 8.5 0.556 0.972 0.055 

12 8.5 0.028 0.843 0.048 

13 8.5 2.139 1.037 0.059 

14 8.5 2.667 1.048 0.060 

15 8.5 2.139 1.037 0.059 

16 8.5 1.083 1.004 0.057 

17 8.5 0.556 0.972 0.055 

18 8.5 0.028 0.843 0.048 

  Total 17.573 1.000 

 

 

The decision-maker is given some insight into the interconnection that exists among the many 

aspects that were taken into consideration by the hierarchical order that has been exhibited so far. 

In addition, it displays the sequence in which actions are carried out according to the subordination 

order. 

A factor's "weight" or "intensity of relevance" is directly proportional to the number of factors 

that it subordinates to. The intensity rating will be increased according to the amount of 

subordinating factors present. Because of this, the importance of a factor increases in proportion 

to the number of other factors that it subordinates. It is possible that the priority rating or 

hierarchical position of a factor is not the ideal metric to use when attempting to determine the 

degree to which a factor is important. This inference is based on the observation that a component 

that has a sizeable number of subordinating factors may, in turn, be subordinated to a factor that 

has a smaller number of subordinates. As a result, the aspect that is the most significant could not 

necessarily express itself in the position that is highest up in the hierarchy. 

On the other hand, the hierarchical structure in this study has adhered to the weight magnitude of 

the components, which indicates the relevance of the factors. The HTSD is generally used to 

represent the sequence in which a group of factors, components, objectives, actions, etc. that are 

all part of the same system and are working toward the same goal are put into effect. 

With Eq. (9), the normalized weights of the identified factors were determined: 

𝐶𝑇 = ∑ 𝐶𝑖

18

𝑖=1

𝑁𝑤𝑖 = 0.05𝐶1 + 0.05𝐶2 + 0.05𝐶3 + 0.05𝐶4 + 0.05𝐶5 + 0.05𝐶6 + 0.05𝐶7 +  0.05𝐶8 + 0.05𝐶9

+ 0.05𝐶10 + 0.04𝐶11 + 0.05𝐶12 + 0.05𝐶13 + 0.04𝐶14 + 0.05𝐶15 + 0.05𝐶16 + 0.05𝐶17

+ 0.05𝐶18,                                                                                            (9) 
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Despite computing the factors’ normalization weights with a constant value of C, dissimilar nth 

roots of xi and normalized weights for the factors were obtained. Factors 10 (barriers to public 

awareness and information) and 14 (ineffective government policies) have the highest ratings and 

normalized weight for the identified factors Nwi.      

4.4 Discussion 

This study has presented barriers to renewable energy transition in developing countries. Factors 

2 (subsidies and government grants), 3 (non or few renewables financing institutions), 13 

(experienced professionals are scarce), 10 (barriers to public awareness and information), and 14 

(ineffective government policies) were assigned higher priority order on the hierarchy, as 

indicated in Fig. 2. These are the barriers for renewable energy transition in developing countries. 

Factors 5 (intangible expenses), 11 (not in my backyard syndrome), 7 (poor attitude towards 

operation and maintenance), 16 (administrative and bureaucratic complexities), 18 (standards and 

certifications are lacking), and 15 (inadequate financial incentives) make up the second degree of 

significance. The top-level factors have a direct effect on the second-level factors while the 

second-level factors also have a direct relationship with the third, fourth, and fifth hierarchy-level 

factors, etc., as presented in Fig. 4.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3. HTSD for factors affecting the transition to renewables in developing nations 
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Table 4.3 displays the relative relevance of each factor and other variables analyzed, as well as 

the intensity of the multiple barriers impacting the transition to renewables in developing 

countries. The scale rating was between 0 which is the minimum and 9 the maximum. Subordinate 

factors weighting is determined by the number of subordinate factors available to a factor. This 

will make the numerical analysis of prioritized factors simplified. The number of subordinate 

factors that are accessible to a factor is a primary consideration in the application of the weighting 

principle, which determines how intensely important a component is. The rationale behind this is 

to facilitate further numerical examination of issues that have been prioritized. 

In addition to this, the factors' weights after being normalized were calculated. In most cases, the 

total of the normalized weights assigned to the various factors under consideration will amount to 

one. Because of this, expressing the ratio of proportionality between the various components was 

made much simpler. 

As can be seen in the model for resource allocation, the normalized weight served as the 

foundation for the distribution of resources among the various criteria. This method demonstrates 

that a component i may have an identical weight value as another factor j but be lower than it in 

the hierarchical position. This is because this methodology considers weight values. The evidence 

for this may be found in factors 10 (barriers to public awareness and information) and 14 

(ineffective government policies). Factors 10 and 14 have a larger weight value, and both are put 

in the same hierarchy because they have been identified as a possible root cause of the slow 

transition to renewable energy in developing countries. The number of subordinates tied to a factor 

reflects the extent to which it is important or its weight value, while the ordering of factors in the 

hierarchy shows the order of preference for the execution of solutions to handle renewable energy 

transition issues. One of the most fundamental benefits of activity prioritization is that it acts as a 

guide to the transition of renewables in developing countries. This is accomplished by assisting 

the decision-maker in determining which set of systemic factors are to be given preference and to 

what extent at various points in time. It is obvious that knowing the order in which the components 

are ranked is one thing but knowing the relative weight of significance of each aspect in order to 

assist in making decisions is another. 

4.5 Conclusion 

A strategy for optimal planning and sustainable policy formulation towards accelerating the 

integration of renewable energy sources in developing countries has been explored and presented 

in this paper. The study identified the barriers responsible for the slow transition to a renewable 

energy-dependent economy in developing economies. The HSIM approach was used to analyze 

and rank the identified barriers ensuring that resources are dispersed in a prioritized order in a bid 

to address these barriers. A long-term strategy to meet rising energy demand while reducing GHG 

emissions would be particularly beneficial to developing nations. Owing to reasons such as 

financial investments, power purchase agreements, regulatory and legislative frameworks, 

politics, policy and strategies, technology and innovation, environmental programs, public 

awareness, etc., the transition to renewable energy has remained an exceedingly sluggish act that 

requires a holistic intervention to ensure sustainable renewable power supply in the affected low-

income nations. The study found out that the factors that are immensely responsible for the slow 
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transition to renewable energy in developing countries are absence of subsidies and government 

grants, non or few renewables financing institutions, experienced professionals are scarce, barriers 

to public awareness and information, and ineffective government policies. A significant benefit 

of the weighted factors prioritization approach as presented herein is that it is capable of aiding 

stakeholders such as the government, legislators, members of the academia, research students, 

etc., to identify system drivers requiring the most significant to the least attention in all 

ramifications. Understanding the components' relative importance for improved management 

decision-making is a critical activity that is premised on the hierarchical order. 
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Chapter 5 
 

Optimum predictive modelling for a 

sustainable power supply mix:  A case of the 

Nigerian power system 
 

5.0 Chapter Overview 
The chapter discusses the use of multi-objective optimization for developing an optimum 

predictive model for a sustainable power supply mix in Nigeria. The chapter highlights the ever-

increasing demand for electricity in Nigeria and its impact on the environment, which necessitates 

the expansion of the power generation mix to include sustainable energy sources. The chapter 

specifically focuses on the case of the Nigerian power system. 

 

The chapter emphasizes that sustainable and efficient power generation planning must consider 

multiple conflicting objectives, such as reducing costs, reducing CO2 emissions, and increasing 

jobs. To address this, the chapter proposes the use of multi-objective optimization techniques to 

develop a predictive model for Nigeria's power supply architecture. 

 

The chapter describes the methodology used, including the utilization of the Hybrid Structural 

Interaction Matrix to compute weights for the conflicting objectives, which are then incorporated 

into a single-objective model. The chapter also provides details on the indigenous energy sources 

considered in the model, such as large hydropower plants, solar PV, solar thermal, incinerator, 

nuclear, gas plant, combined plant, and diesel engine. 

 

The chapter presents the findings from the simulations conducted using the predictive model. The 

results suggest that Nigeria has the potential to generate up to 2,100 TWh of power by 2050, with 

large hydropower plants and solar PV being the leading options. The chapter also discusses the 

expected job creation from the construction and operation of power generation plants, as well as 

the projected CO2 emissions and cost of power generation. 

 

The chapter concludes that Nigeria can meet its power supply obligations by harnessing 

indigenous energy sources and developing an optimal power supply mix. The findings of the study 

contribute to the understanding of how multi-objective optimization can be used for sustainable 

power generation planning in the context of the Nigerian power system. 

 

5.1 Introduction 

A sustainable power supply mix entails meeting today’s power requirements while not risking future 
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generations’ capacity to achieve theirs [1]. Since its inception and implementation, sustainable 

development has been the subject of a plethora of research on various themes, levels, and 

viewpoints [2]. Nigeria must solve its problem of inadequate power supply to stay competitive and 

relevant among nations, especially as the COVID-19 pandemic has wreaked havoc on the economy 

[3]. Nigeria, fortunately, has a diverse abundant range of energy sources from which to draw and 

establish a sustainable power supply mix that would satisfy the growing power demand, conserve 

the environment, and reduce greenhouse gas (GHG) emissions [4]. Despite its abundance of 

power-generating sources, Nigeria is struggling to fulfill its rapidly increasing power demand and 

is plagued by rolling blackouts in most parts of the country [5]. Electricity is available to just 

55.4% of the population, with electrification rates lower in the east and rural areas [6]. 

The utilization of RE (renewable energy) sources is regarded as a crucial component of sustainable 

energy systems [7]. The major challenges confronting Nigeria such as unemployment and security 

threats will all be addressed through industrialization, and this can only be achieved by steady, 

economical, and environment-friendly power supply [6]. 

Policymakers and researchers who want to develop an environmentally friendly power supply system 

need to use energy modelling and optimization techniques to ensure that different objectives such as cost, 

emissions, jobs, etc., are met [8]. Modelers have been developing optimization models of energy 

systems since the 1990s [9-13]. Costs or emissions are optimized to develop optimal power 

supply mixes for regions, cities, and nations [14-22].  

Power planning has become a complicated issue involving several factors due to the relationship 

between electricity consumption, protection of the environment, economic growth, and civic 

responsibility [23]. As a result, approaches for energy modelling and optimization that can 

integrate numerous objectives to develop a power policy are of great importance. Determining 

the optimal power generation mix that will fulfill electricity demand whilst fulfilling numerous 

limitations is the fundamental modelling concept behind long-term energy planning. Some 

important outputs of such techniques include the kind of power technology used, the quantity of 

installed power capacity, time to develop and operate the technology, and necessary fuel sources. 

Numerous studies looking at the socio-economic optimality of power planning have focused on 

using cost optimization models like MESSAGE, MARKAL, TIMES, etc. (see, for example, 

Refs. [24-33]). The strategic planning of power planning systems, on the other hand, inevitably 

incorporates several competing objectives [34-36]. Previous studies on multi-objective 

optimization addressed environmental or social objectives by transforming them into cost-

equivalent objectives [37] or by viewing them as constraints with lower and higher bounds [38]. 

However, multi-objective optimization is more realistic because it can explicitly assign an 

objective function to each sustainability (cost, emissions, jobs, land, social opposition, 

etc.) criterion without the need for complicated equations. Prior multi-objective studies mostly 

concentrated on costs and emissions while ignoring the social factors. Ren et al. [39] investigated 

the operation strategy of a decentralized energy source while balancing energy cost minimization 

with environmental effect minimizing. Zhang et al. [40] examined the Japanese power generation 

system from an economic and environmental standpoint. In Taiwan, Ko et al. [41] used a multi-

objective optimization to reduce power generating costs and CO2 emissions. Purwanto et al. [42] 

created a conceptual framework for a long-term power generating mix in Indonesia that 
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incorporated two goals: lowest generation cost and lowest CO2 emissions. Mahbub et al. [43] 

discovered optimal scenarios for addressing the constraints of lowering energy costs and CO2 

emissions in Italy. Pratama et al. [44] assessed different development scenarios for Indonesian 

electricity production based on economic and environmental trade-offs. Tekiner et al. [45], on 

the other hand, investigated three goal functions; nevertheless, both non-cost criteria addressed 

air emissions such as CO2 and NOx.  There is still the need to develop a multi-objective 

optimization model for determining trade-offs between several conflicting factors of 

sustainability. In this study, multi-objective optimization was used to integrate indigenous energy 

sources to develop a sustainable power generation mix by minimizing power generating costs, 

minimizing CO2 emissions, and maximizing the number of jobs created from the construction 

and operation of power plants. 

The Hybrid Structural Interaction Matrix (HSIM), a weighted technique that is ideally suited to 

dealing with energy decision-making issues, was utilized in this study to calculate the weights 

of the three objectives to solve the multi-objective power optimization model [46]. The same 

approach was utilized to analyze the factors contributing to Nigeria's rising demand for 

electricity. 

Nigeria, as one of the top producers of oil and gas all over the world, has an urgent need to 

develop a long-term plan for its increasing electricity needs [47]. Nigeria also has substantial 

RE sources. When compared to the 28 TWh produced in 2016 [48], Nigeria's power production 

in 2021 increased to 36.4 TWh [48]. The industrial sector consumes 94.2% of the nation's 

electricity, trailed by the residential and commercial sectors, which each consume 4.04 and 1.8% 

[49]. 

RE sources such as sun, wind, biomass, and hydro are abundant in Nigeria. Every area of Nigeria 

receives a lot of solar radiation, with a range of 5,500–6,500 Wh/m2 [50]. According to some 

studies [51–52], solar PV power generation is feasible throughout Nigeria. In the northern 

regions of the nation, the wind can achieve speeds of up to 7.5 m/s [53]. In terms of biomass 

production, Nigeria generates 144 million tonnes annually [54]. A total of 277 scattered locations 

in the nation can produce minor amounts of hydropower [55], and numerous rivers can be 

dammed to produce huge amounts of hydropower [56]. Despite this, Nigeria's RE resources have 

not yet been fully exploited. 

Nigeria's carbon footprint cannot be underestimated given that they make up about 0.37% of 

the world's CO2 emissions in 2020 [57]. In Nigeria's energy sector, CO2 emissions from power 

production systems made up around 10.2% of total emissions [58]. Nigerian policymakers are 

very concerned about reducing GHG emissions from the power industry. Nigeria plans to achieve 

net zero carbon emissions by 2060 by the President’s pronouncement [59]. The power industry 

can unavoidably be a significant contributor to future carbon emission reduction efforts.  

Nigeria now has an unemployment rate of over 33% [60], which is substantially higher than the 

world average. Due to these alarming numbers, the administration has decided to concentrate on 

labor indices in any national development programs. One-way power supply systems may be 

able to meet some of the increasing labor demand is by being able to employ numerous people 

from the design, development, and operation to decommissioning of Nigeria's power 
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infrastructure. 

Studies on sustainable power supply mix in Nigeria are hard to come by, according to 

the literature review that was conducted. Olusola et al. [61] provided a strategy to electrify 

Nigeria completely by 2030 that was sustainable, renewable, and economical. In Nigeria, Bello 

et al. [62] used carbon emission pinch analysis, which includes sector-level macro-planning for 

energy. Blechinger et al. [63] used energy system simulations and geographic information system 

tools to develop a least-cost electrification strategy for five states in Nigeria. Ibrahim and Kirkil 

[64] estimated Nigeria's long-term power supply from 2010 to 2040. Sambo A. [65] used MAED 

to forecast energy consumption. Audu et al. [66] determined the long-term energy consumption in 

Nigeria. Amlabu et al. [67] explored four Nigerian regional power supply scenarios. Ezennaya et al. 

[68] utilized Time Series Analysis to anticipate Nigerian power consumption from 2013 to 2030. 

Oyelami and Adewumi [69] utilized the Harvey logistic model to forecast Nigerian power 

investment value from 2005 to 2026. Using LEAP, Emodi et al. [70] evaluated Nigeria’s energy 

circumstance in the following scenarios: baseline, LCM (Low carbon moderate), LCA (Low 

carbon advanced), and GO (Green Optimistic). Adedokun [71] predicted electricity consumption 

in Nigeria using the ARIMA model to see how likely it was that Nigeria would be in the top 20 by 

2020. To the best of our knowledge, there are no other studies paying attention to Nigeria's 

electricity generation outlook by addressing economic, environmental, and social objectives.   

5.1.1 Nigerian power sector 

Nigeria’s growing electricity demand is 80% lower than it should be based on population and 

income levels [72]. Having a per capita electricity consumption rate that ranks among the world’s 

poorest, there is little or no development in all sectors of the economy; industries are struggling to 

survive, agriculture is still not commercial, and education and employment are all impacted by the 

low electricity supply. In developing countries with fewer people, such as Tunisia and South 

Africa, electricity consumption is 10 to 30 times Nigeria’s. With the COVID-19 pandemic causing 

major economic setbacks worldwide, Nigeria must urgently address the issue of low electricity 

supply to compete with its peer countries. Fig. 5.1 depicts various African countries’ per capita 

power consumption, with Nigeria having the lowest at 137 kWh and South Africa having the 

highest at 4,944 kWh, Botswana at 1,435 kWh, Zimbabwe at 898 kWh, Namibia at 1,541 kWh, 

and Libya at 3,871 kWh [73]. 
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Fig. 5.1. Selected African countries' per capita power consumption (kWh) [73]. 

With a growing population, rising income, industrialization, and increased agricultural activity, 

Nigeria’s electricity demand will increase, putting additional pressure on the country’s already 

inadequate electricity supply. Managing the increasing electricity demand is necessary to achieve 

equilibrium with the power supply. 

History of the Nigerian power system dated back to when the Lagos Colony was served by two power 

plants completed in 1886. The Nigerian Electricity Supply Company (NESCO) was created in 

1929, making it the country’s first utility corporation [74]. Afterward, in 1951, the Energy 

Corporation of Nigeria (ECN) was established to supervise electricity transmission and distribution 

[74], and in 1962, the Niger Dams Authority (NDA) was established [75]. Electricity generation 

fell under the purview of the NDA, with transmission and distribution falling under the purview 

of the ECN. It was in 1972 that the ECN and the NDA amalgamated to become the National 

Electric Power Authority (NEPA), which was later converted into the Power Holding Company 

of Nigeria (PHCN) in 2005. The distribution section of Nigeria’s power supply system has now 

been completely privatized, resulting in the establishment of Kano, Kaduna, Jos, Eko, Benin, 

Abuja, Enugu, Port-Harcourt, Yola, Ikeja, and Ibadan Electricity Distribution companies, as 

depicted in Fig. 5.2 [76]. Despite the country’s lengthy history of electricity reforms, the power 

industry has developed slowly at most. The on-grid electricity generation in Nigeria is dominated 

by gas and hydropower, which account for 81% and 19% respectively, of total installed capacity 

[77]. Fig. 5.2 depicts the organization of Nigeria’s power sector, which is divided into generation, 

transmission, and distribution [78]. The Nigerian Electricity Supply Industry (NESI) has 22 gas 

and three hydroelectric on-grid units that can produce 12,522 MW, but the available capacity is only 

7,141 MW [79]. Presently, Manitoba (Canada) Hydro International manages the Nigerian 

Transmission Company. The national grid transmission lines are 330 kV and are about 5,524 km long 

[80]. Fig. 5.2 also indicates Nigeria’s power distribution system which comprises of 11 power 
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distribution companies. Over 24,000 km of the distribution grid, operating at 33 kV and 11 kV, are 

in operation [74, 78]. 

 

Fig. 5.2. Overview of the power system chain [88]                                                                          

The amount of power that can be generated and transmitted is limited by problems associated 

with the power plants, such as maintenance and repairs. There are also insufficient water 

supplies, demand imbalances, not enough gas, and line restrictions because of the poor grid 

infrastructure [81]. Among other things, the mismatch between the growing power demand and 

supply has resulted to over-reliance on backup diesel generators. Because of these issues, huge 

sums of money are pumped into the power sector daily. 

For a long time, the government ran and controlled the power sector. There was never enough 

electricity for the state-owned company, NEPA [82]. Since the democratization of Nigeria in 1999, the 

Federal Government has invested massively in the power industry, but with little success [82]. 

Privatization of electricity assets was one of the government’s primary reform initiatives [78]. 

Various policy initiatives were implemented to achieve this goal [74]. The Electric Power Industry 

Reform Act (ESPR) of 2005 allowed private players into the formerly monopolized sector. Nigeria 

has a lot of potential for RE. Still, it doesn’t have RE-based power plants that generate electricity 

for the country’s grid right now apart from hydropower. “Nigeria’s solar and wind resources are 

in abundance based on data from NASA [83], reprocessed by the German Aerospace Center [84], 

and converted to total load hours by Bogdanov and Breyer [85, 86]. However, the Nigerian 

government’s deliberate and supportive policy direction towards a progressive RE master plan is 

essential [87]. It is anticipated that such a regulatory, legal, and institutional framework would 

support RE development in Nigeria [78]. The Nigerian government adopted the National 

Renewable Energy and Efficiency Policy (NREEEP) in 2015. It is the country’s first policy for 

renewable energy and describes how it will be used in the future. By 2030, the government wants 

to double its on-grid power [80]. In NREEEP 2015, it says that this goal was set when the 

NREAP and NEEAP were made. In the NREEEP 2015 report, on-grid RE supply is expected to 

grow from 1.3 % to 16 % in 2030, a significant change. In 2016, the goal was changed to 30% by 

2030, all of which have not been achieved” [80]. 
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5.1.2 Energy sources 

Nigeria is deficient when it comes to energy supply, even though it has a lot of fossil fuels and RE 

sources of its own. Fossil fuels are the country’s most utilized source of energy. While RE is 

unavailable in the power mix of the nation apart from hydropower as already stated. The power 

supply mix comprises 10,142 MW of natural gas (81%). The remainder is hydropower, which 

accounts for 2,380 MW, or 19% of the total installed capacity [89]. 

It has been projected that Nigeria’s RE potential (hydro, wind, solar, biomass, and geothermal) is 

above 68,000 MW. The government may have considered this when developing laws to promote RE. 

In 2005, the government unveiled the Renewable Energy Master Plan (REMP), which aimed to 

double the country’s overall energy production by 2025 through growing renewable energy usage. 

Short-term: In 2005-2007, the REMP aimed to contribute 13%-23% in the medium term (2008-

2015), and 36% in the long term (2016 - 2025) [89]. 

On the current assessment, Nigeria’s recoverable oil reserves are 28.5 billion barrels, with an average 

daily output of roughly 2.5 million barrels, including condensates. As exploration and appraisal 

drilling and deep offshore exploration have continued to accumulate reserves, the average oil 

depletion rate is just 15%. Over 166 trillion cubic feet (TCF) of Nigeria’s gas reserves include 

associated and non-associated gas. Nigeria is one of the ten nations with the world’s largest proven 

gas reserves. 

The Niger Delta has roughly 500 oil fields. The remainder is found on land. In all, 193 of these 

fields produce oil, while 23 have been shut down [90]. 

 

5.2 Methodology 

A sustainable power supply model for Nigeria was developed using multi-objective optimization 

and is deliberated in this section. This model optimized three competing objectives by minimizing 

power generating costs, minimizing CO2 emissions, and maximizing job creation for the 

developed optimal power supply mix. While the constraints are power demand-supply, power 

supply resource availability, generation constraint of power plants, budget, and targets of CO2 

emissions. From the base year (2010) to our projected target year (2050), a five-year interval was 

used to run the optimization model. A summary of the six-step methodology was 

summarized below with Fig. 5.3 being a schematic representation of the steps that were 

successively followed for the development of the sustainable power supply mix for Nigeria. 

 Step 1: Power system 

The Power Energy System (PES) is created in step 1 for modeling purposes which highlights the 

power supply chain from energy sources to electricity end-users. Nigeria’s available energy sources 

such as diesel, hydro, wind, solar, nuclear, natural gas, etc., are used in different technologies. 

Concerning power transmission and distribution, distributed technologies generate electricity 

near load centers, while centralized technologies generate electricity and then being transmitted 

through power grids. 

 Step 2: Power model development 
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Based on the PES, a long-term power planning model is developed in step 2. To address power supply 

and sustainability concerns in Nigeria, three objectives were developed: (1) minimization of cost; 

(2) minimization of CO2 emissions; (3) and maximization of jobs. Constraints to the optimization 

model include supply-demand, generation limitations, resource availability, budgetary 

restrictions, and an emissions target. 

 Step 3: Data and assumptions  

When running the model, it is necessary to collect the required data, which was done in step 3. 

For a nation to develop an energy plan, data and assumptions regarding the techno-economic, 

environment, power demand projection, cost of energy resources, job creation, and statistics on CO2 

emissions used were collected. 

 Stage 4: Multi-Criteria Decision Making 

This step involves employing the MCDM approach to the three objectives: converting the 

objectives into a single objective by using a weighted approach to allocate weights to each 

objective function in the model. The Hybrid Structural Interaction Matrix (HSIM) method was 

utilized in this step. 

 

 

Fig. 5.3. Schematic representation of the methodology 
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 Step 5: Running the developed model 

This involves testing the model that was developed using the data obtained in step 3.  

 Step 6: Interpretation of results 

The optimal power generation mix, CO2 emissions, cost, and the jobs created from the construction 

and operation of power plants were then interpreted and analyzed. 

5.2.1 Minimization of power generation costs for the model 

The primary priority is to cut electricity generation costs as much as possible (f1). In the model, it 

uses sLCOE in Eq. (2) & Eq. (3) to determine f1 in Eq. (1).  sLCOE considers the costs of building 

new power plants (C), the payback period for old power plants (O), the price of fuel (F), and 

other factors. For the cost objective function, the equations look like this: 

𝑓1 = ∑ ∑(1 + 𝑟−𝑡)(𝐺𝑖𝑡
𝑛𝑒𝑤𝑠𝐿𝐶𝑂𝐸𝑖𝑡

𝑛𝑒𝑤 + 𝐺𝑖𝑡
𝑒𝑥𝑡𝑠𝐿𝐶𝑂𝐸𝑖𝑡

𝑒𝑥𝑡)                

𝐼

𝑖=1

𝑇

𝑡=1

 

( 2) 

 

𝑠𝐿𝐶𝑂𝐸𝑖𝑡
𝑛𝑒𝑤 = (

[𝐶𝑖𝑡
𝑛𝑒𝑤𝐶𝑅𝐹𝑖] + 𝑂𝑓𝑖𝑥,𝑖𝑡

8760𝐶𝑓,𝑖𝑡
) + 𝑂𝑣𝑎𝑟,𝑖 + 𝐹𝑖𝑡𝜀𝑖𝑡  

( 3) 

               

𝑠𝐿𝐶𝑂𝐸𝑖𝑡
𝑒𝑥𝑡 =

𝑂𝑓𝑖𝑥𝑒𝑑,𝑖𝑡

8760𝐶𝑓,𝑖𝑡
+ 𝑂𝑣𝑎𝑟,𝑖𝑡 + 𝐹𝑖𝑡𝜀𝑖𝑡  

( 4) 

  

𝐶𝑅𝐹𝑖 =
𝑟(1 + 𝑟)𝑛

(1 + 𝑟)𝑛 − 1
                               

( 5) 

 

The decision variables in the model are CRF for cost recovery factor in Eq. (4), Cf for capacity 

factor, ε for efficiency of transforming heat into electricity, r for the discounted rate, and t for year. 

The relationship between installed capacity and capital expenditures for a certain year horizon is an 

input parameter to a learning curve model. According to a cumulative installed capacity prediction, 

the amount of capital investment may be estimated: 

 

                                 𝐶𝑡 = 𝐶𝑜 ∙ 𝑁𝑡
∅   

( 6) 

                                     1 − 2∅     

( 7) 

Eq. (6), which signifies the rate of technical learning, Ct in Eq. (5) is the decrease in future capital 

expenditures as a percentage that occurs with each capacity doubling up (Nt). How quickly 
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individuals learn is determined by the progress ratio. The capital expenditure in the base year is 

denoted by the symbol Co (2010). 

5.2.2 The reduction of CO2 emissions from power production facilities 

It is also an objective to reduce CO2 emissions (f2) represented by Eq. (7) during the lifecycle of 

the energy-generating technology. The CO2 life cycle emissions of each power plant are 

determined by the CO2 emission factor (E) being multiplied by the quantity of energy that is 

produced by the power plant: 

 

𝑓2 = ∑ ∑ 𝐶𝑂2𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑓𝑎𝑐𝑡𝑜𝑟𝑖𝑡 ∙ 𝐺𝑖𝑡                                                            

𝐼

𝑖=1

𝑇

𝑡=1

 

( 8) 

 

5.2.3 Maximization of job opportunities 

The job objective function (f3) maximizes total job years, as it’s socially more acceptable to have 

higher employment rates than lower rates. Eq. (8) represents the whole job objective function. 

The job creation objective function f3 was obtained by multiplying the amount of power 

produced by the construction and operation job creation factors of each technology. 

 

𝑓3 = ∑ ∑(𝑏𝑖 + ℎ𝑖)

𝐼

𝑖=1

𝐺𝑖𝑡
𝑛𝑒𝑤

𝑇

𝑡=1

+ ∑ ∑ ℎ𝑖

𝐼

𝑖=1

𝑇

𝑡=1

𝐺𝑖𝑡
𝑒𝑥𝑡                                                    

(8) 

 

5.2.4 Multi-objective function 

The optimal power generation mix was obtained as a result of optimizing the three objectives 

considered in this study as represented by the multi-objective model in Eq. (9) [91]. The objective 

function is expressed as follows: 

 

𝑓4 = 𝑤1 ∙ 𝑓1 + 𝑤2 ∙ 𝑓2 + 𝑤3 ∙ 𝑓3 

(9) 

 

Where 𝑤1, 𝑤2, and 𝑤3 are the weighted factors of 𝑓1, 𝑓2, and 𝑓3. The optimization model in 

this situation is constrained by five constraints, which are mentioned in the next section. 

 

5.2.5 Constraints for the developed model 

This section summarizes the restrictions taken into consideration in the model. In the following 

section, the model’s resilience needs are met by constraints. 
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5.2.5.1 Power demand-supply constraint 

The overall amount of energy produced by all kinds of power plants should be sufficient to fulfill 

the whole amount of electricity required in a given year horizon. This is represented by Eq. (10): 

 

∑(𝐺𝑖𝑡
𝑛𝑒𝑤 + 𝐺𝑖𝑡

𝑒𝑥𝑡) ≥ 𝐷𝑡

𝐼

𝑖=1

 

(10) 

 

where Dt denotes the demand for electricity in the year t. 

 

 

 

5.2.5.2 Power supply resource availability 

For year t, the amounts of fossil fuel used by power generation systems must not exceed the 

maximum amount of fossil fuel generated by the relevant fuel type and allotted to power generation 

technologies for the same year which is depicted in Eq. (11). 

∑ 𝐺𝑖𝑡
𝑛𝑒𝑤∙𝜀𝑖𝑡 + ∑ 𝐺𝑖𝑡

𝑒𝑥𝑡 ∙ 𝜀𝑖𝑡 ≤ 𝐹𝑠𝑖𝑡

𝐼

𝑖=1

𝐼

𝑖=1

 

(11) 

 

It was decided to add the RE penetration constraint into the model to guarantee that the RE 

objectives are met on a period-by-period basis. By the study, the RE objectives were established 

at 20, 35, and 50% for the years 2030, 2040, and 2050. 

 

∑ (𝐺𝑖𝑡
𝑒𝑥𝑡 + 𝐺𝑖𝑡

𝑛𝑒𝑤) ∙ 8760𝐶𝑓𝑖
9
𝑖=2

∑ (𝐺𝑖𝑡
𝑒𝑥𝑡 + 𝐺𝑖𝑡

𝑛𝑒𝑤) ∙ 8760𝐶𝑓𝑖
𝐼
𝑖=1

≥ 𝑅𝐸𝑁𝑇𝑎𝑟𝑔𝑒𝑡𝑠 

(12) 

 

5.2.5.3 Generation constraint of power plants 

Restrictions on electricity generation are related to the use of current and additional capacity and 

the proportion of various technologies in an overall power generation system. 

 

𝑋𝑖𝑡
𝑛𝑒𝑤 = 8760(1 − 𝜌)𝐶𝑓𝑖𝐺𝑖𝑡

𝑛𝑒𝑤 

(13) 

 

𝑋𝑖𝑡
𝑒𝑥𝑡 ≤ 8760(1 − 𝜌)𝐶𝑓𝑖𝐺𝑖𝑡

𝑒𝑥𝑡 

(14) 

𝑋 ≤ 𝜔𝑖𝑡(𝑋𝑖𝑡
𝑛𝑒𝑤 + 𝑋𝑖𝑡

𝑒𝑥𝑡) 

(15) 
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Each newly installed technology’s annual net power generation is estimated using Eq. (13). Eq. 

(14) determines the maximum amount of power that may be produced from the current capacity 

each year. To avoid the excessive generation of any power technology, Eq. (15) mandates that 

each technology may only generate a specified fraction of the total yearly power generation. 

 

5.2.5.4 Budget constraint 

Budget constraints are imposed on capital expenditures because the capital expenses of 

constructing new infrastructures are relatively high. 

 

∑
𝑟(1 + 𝑟)𝐶𝑇𝑖

(1 + 𝑟)𝐶𝑇𝑖 − 1
∙ 𝐼𝑁𝑉𝐶𝑖𝑡 ∙

𝐼

𝑖=1

𝑁𝐴𝐶𝑖𝑡 ≤ 𝑏𝑔𝐶 

(16) 

 

In Eq. (16), the annual investment cost of developing power plants is restricted to a specific upper 

limit. 

5.2.5.5 Targets of CO2 emissions 

The carbon emissions reduction objective also served as a constraint, with the total quantity of 

CO2eq emissions being limited to a maximum as highlighted in Eq. (17): 

 

∑ ((𝐺𝑖𝑡
𝑒𝑥𝑡 + 𝐺𝑖𝑡

𝑛𝑒𝑤) ∙ 8760𝐶𝑓𝑖 ∙ 𝐶𝑂2𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑓𝑎𝑐𝑡𝑜𝑟𝑖)

𝐼

𝑖=1

≤ 𝐶𝑂2𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑡𝑎𝑟𝑔𝑒𝑡 

(17) 

 

5.3 Study and data assumptions 

Existing techno-economic, environmental, power demand projection, cost of energy sources, job 

creation, and CO2 emissions data for the Nigerian power system was obtained from various 

literature to demonstrate the multi-objective model’s application. The base year is 2010 and the 

forecast period is for 40 years, the projection started from 2011 to 2050 with an interval of 5 years.  

The assessment of power demand in on-grid and off-grid systems can either be done as a 

combined demand or as separate demands, depending on the methodology that is used. Examples 

include a study conducted by the (Energy Commission of Nigeria) ECN on the energy 

implications of Nigeria's Vision 2020. Such that the Model for Analysis of Energy Demand 

(MAED) was used to project that Nigeria's total electricity demand (combined on-grid and off-

grid) by 2030 will be approximately 668.75, 1138.20, 1,343.22, and 1,821.80 TWh depending 

on the reference, high growth, optimistic I, and optimistic II scenarios, respectively [92]. In a 

separate piece of study, the multi-tier framework for electricity access that was developed by the 

World Bank was utilized to estimate that Nigeria's on-grid electricity demand by 2030 will be 
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approximately 59.3, 64.3, and 74.2 TWh, respectively, for business-as-usual, moderate, and 

green transition scenarios. This estimate was made using the multi-tier framework for electricity 

access. According to the findings of the study, the power consumption off-grid in the year 2030 

would be around 143.4, 135.6, and 130.8 TWh for the three similar scenarios [93], with the 

maximum demand being approximately 143.4 TWh. 

5.3.1 Power conversion data 

Nuclear power plants, gas turbines, biomass, large and small hydropower plants, wind turbines, 

geothermal, solar thermal, and solar photovoltaic power plants, etc., are among the power 

conversion technologies considered in this study. The features of each technology are summarized in 

Table 5.1, which includes cost variables, technical information, and capacity limits. For most 

technologies, the techno-economic characteristics are considered to remain constant across the 

whole analytical horizon. When the learning rate is taken into account, however, it is expected 

that the investment cost for certain renewable technologies would fall. While Table 5.2 shows the 

CO2 emission factors resulting from fossil fuel combustion, the growing capacity limitation for each 

phase is partly alleviated as the planning horizon approaches its end. The total number of direct, 

indirect, and induced full-time-equivalent (FTE) employment produced by each technology in 

each phase is shown in Table 5.3.  

 

Table 5.1: Power generation systems’ technical and economic characteristics [95-106] 

 

 

Technology 

 

 

Construction 

time (year) 

Lifetime 

(year) 

Capacity 

factor (%) 

Self- 

consumption 

(%) 

power capacity 

(GW) 

Efficiency 

(%) 

Capital 

cost 

($/kW) 

Fixed O & M 

cost ($/kW) 

Variable O & 

M 

cost ($/kW) 

Steam PP 5 30 70 6.8 3750 38 900 9500 0.48 

Combined Con 
5 35 70 1.9 

- 
32 

700 4400 0.42 

Combined Adv 5 35 80 1.9 - 47 1140 21000 2.6 

Gas Turbine Conv 2 12 60 0.8 5000 34 550 4500 0.6 

Gas Turbine Adv 3 15 60 0.8 846 40 780 24000 4.3 

Coal Conv 3 30 75 5.5 - 35 1600 64000 - 

Coal Adv 4 50 80 6.5 - 34    2200 88000 - 

IGCC 4 40 80 10 - 45 3700 92000 6.5 

Diesel engine 1 14 70 6.5 25000 40 550 3800 0.75 

Nuclear Conv 7 45 80 10 - 32 4000 74000 0.7 

Nuclear Adv 8 60 85 8 - 33 4200 69000 0.5 

Hydro Large 
7 45 18 0.5 

1940 
100 

1200 10800 - 

Hydro Small 4 40 35 0.5 64 100 2000 14000 - 

Fuel Cell 0 5 60 - - 47 4460 40000 - 

Wind Turbine 2 25 30 1.4 - 100 1400 48000 - 

Solar PV 1 30 18 - 400 100 1200 24000 - 

Solar thermal 2 35 38 - - 100 4300 64000 - 

Geothermal PP 7 30 8o 8 - 100 5800 84000 1.1 

Landfill 2 20 70 3 - 30 3300 2000 1.7 

Incinerator 3 30 75 5 - 31 6400 64000 - 

Solar PV (DG) 0 30 17 - - 100 1500 37000 - 

Gas Engine 1 3 90 0.7 5500 26 770 8000 5.1 
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Table 5.2: Factors affecting CO2 emissions and fuel costs [108-109] 

 

 

 

 

 

 

 

Table 5.3: Effective factors in the development of jobs in the power generating industry 

[107] 

Power 

technology 

Technology construction stage 

(GWh) 

Technology operation stage 

(GWh) 

Steam PP 0.82 0.15 

Combined Con 0.16 0.32 

Combined Adv 0.31 0.35 

Gas Turbine Conv 0.83 0.64 

Gas Turbine Adv 1.07 1.07 

Coal Conv 0.73 1.31 

Coal Adv 0.08 0.26 

IGCC 0.26 0.20 

Diesel engine 0.16 0.32 

Nuclear Conv 0.26 0.20 

Nuclear Adv 0.20 0.26 

Hydro Large 0.20 0.82 

Hydro Small 0.20 0.82 

Fuel Cell 0.10 0.11 

Wind Turbine 0.3 0.08 

Solar PV 0.06 0.83 

Solar thermal 1.10 1.70 

Geothermal PP 0.05 0.51 

Landfill 0.13 0.73 

Incinerator 0.13 0.73 

Solar PV (DG) 0.60 0.83 

Gas Engine 0,03 0.16 

   
 

 

5.3.2 HSIM ranking 

The HSIM approach is one of the strategies that may be used for making decisions with many 

objectives and doing analyses. Within the context of this study, HSIM was utilized to ascertain the 

relative importance of factors such as cost, CO2 emissions, and job creation. According to HSIM, a 

particular element pair may interact with one another in several distinct ways. On the other hand, only 

an interaction that is founded on a particular contextual relationship applies to the situation that is 

currently taking place. In most cases, consideration is given to the orientations of the components 

that affect a system while making contextual linkages.  

As a consequence of this, the HSIM model is intrinsically intertwined with the concept of 

orientation and direction. As a result of this, if 𝑒𝑖𝑗 = 1, then 𝑒𝑗𝑖 = 0, which indicates that 

transitivity exists. Because of this, it will be impossible for components i and j to successfully 

interact with one another if elements j and i interact effectively [94]. This is mathematically 

stated in Eq. (18) as: 

 

Technology Fuel price (Cent/MJ) CO2 emission 

(kg/GJ) 

Gas 0.41 56.2 

Coal 0.22 95.6 

Oil 0.53 77.6 

Diesel 0.92 74.4 
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    𝑒𝑖𝑗 =  {
1  
0

      
𝑖𝑓 𝑖 𝑑𝑒𝑝𝑒𝑛𝑑𝑠 𝑜𝑛 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗,

𝑖𝑓 𝑖 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑑𝑒𝑝𝑒𝑛𝑑 𝑜𝑛 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗,
                                       (18) 

 

The technique for establishing the HSIM for a given set of variables is represented in Fig. 

5.4 in a step-by-step manner and HSIM in Table 5.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4.  HSIM development process [31] 

Factors to be listed and numbered serially 

A contextual relationship of the factors to be established e.g., “does 

factor i depend on j for actualization?” 

A square matrix of dimension (n+1) will be drawn. Where n is the 

number of factors being considered  

The first element of the box matrix will be divided diagonally 

and i, j will be inserted at the lower half and j at the upper half 

respectively 

The row and column elements will be numbered from 

1 to n 

Using contextual relationship, a pairwise comparison of a 

row-column element will be formed 

Does the pairwise 

relationship agree with the 

contextual relationship? 

Element space 𝑒𝑖𝑗 to be filled with “1”  

Element space 𝑒𝑖𝑗 to be filled with “0” 

The process from steps 6 to 9 will be repeated until 

the entire matrix is filled up 

End 

Start 
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 Table 5.4: HSIM demonstrating the pair-wise connection between cost, CO2, emissions, 

and jobs      

 

 

    

 

 

 

 

The models used for calculating the weights of the objectives are highlighted in Eq. (19), Eq. 

(20), Eq. (21), and Eq. (22): 

 

 

𝐼𝑅𝐹𝑖 = {
𝑁𝑆𝐹𝑖

𝑇𝑁𝐹
𝑥𝑀𝑆𝑅} + {

𝑏

𝑇𝑁𝐹
(𝑀𝑆𝑅 − 𝐶) },                                          (19) 

 

𝑐 =
𝑀𝑃𝑆𝐹

𝑇𝑁𝐹
𝑥𝑀𝑆𝑅,                                                        ( 20) 

  

      𝑏 = 𝑁𝑆𝐹𝑖 + 1,                                                           (21) 

𝑁𝑤𝑖 =
𝑥𝑖

1
𝑛⁄

∑ 𝑥
𝑖

1
𝑛⁄𝑛

𝑖=1

                                                                  (22) 

 

“where 𝐼𝑅𝐹𝑖 is the intensity of factor i's significance rating, 𝑁𝑆𝐹𝑖 is the number of subordinate 

factors to particular factor i, 𝑀𝑃𝑆𝐹 is the most number of subordinate elements that can be 

considered, C constant, b=𝑇𝑁𝐹 the proportion of variations, 𝑇𝑁𝐹 is the number of variables in total, 

𝑀𝑆𝑅 the highest possible scale rating, 𝑁𝑤𝑖 is the factor's normalized weight i, N number of 

variables, and 𝑥 𝑖 is the original rate of factor i before normalization.” [46] 

 

 

                            Table 5.5:  Normalized weights of cost, CO2, emissions, and jobs      

                   

 

 

 

 

 

 

 

i 
j 

Cost CO2 Jobs 

Cost 0 1 0 

CO2 0 0 0 

Jobs 1 1 0 

Element number C 𝑰𝑹𝑭𝒊 
𝟏

𝒏
𝒙𝒊 𝑵𝒘𝒊 

Cost 6 5.000 1.080 0.330 

CO2 6 9.000 1.110 0.340 

Jobs 6 5.000 1.080 0.330 

 

                                                  
 Total 3.270 1.000 
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Table 5.5 displays the weights of each of the objectives considered in this study and their degree 

of importance. The scale rating was between 0 and 9, with 0 being the lowest possible score and 

9 representing the greatest possible score [110]. The number of subordinate factors that may be 

accessed by a component is what ultimately decides the principle that will be used to weigh or 

give a degree of importance to those elements. As a result, the values were found to be appropriate 

for the weights of cost, CO2, and job’s objective functions which are 0.330, 0.340, and 0.330, 

respectively. 

5.4 Results and discussion 

The planning for Nigeria's sustainable power supply was carried out with consideration given 

to the following three objectives: reducing costs, reducing CO2 emissions, and increasing jobs. 

The model was solved by utilizing a modelling program called GAMS (General Algebraic 

Modeling System). 

5.4.1 Demand for electricity in Nigeria 

Electricity demand in Nigeria from the household, service, industrial, transportation, and 

agricultural sectors in the base year is 187 TWh which is projected to be 299 TWh in 2020 [111]. 

Fig. 5.5 depicts how the electricity demand will attain 2,003 TWh by 2050. Among the electricity 

demand sectors, the household sector has the highest demand which will increase from 71 TWh 

in 2010 to 1,218 TWh by 2050. This is followed by the service, industrial, and transportation 

sectors. 

 

 

Fig. 5.5. Nigeria’s electricity demand from 2010-to 2050 [111] 
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The optimum trajectory of Nigeria’s overall power generation is represented in Fig 5.6. From the 

base year to 2050, the projected power supply increased from around 218 TWh to about 2,100 

TWh. The Hydropower large power plant and solar PV aggressively penetrated the power supply 

mix over the projected period.  

The base year of 2010 in the power supply mix is made up of 10% Gas Turbine Conventional, 

5% Diesel engine, 6% Hydropower large, and 79% Gas engine. Fossil fuels dominate the power 

generation mix in the base year which accounts for 94% and renewable energy is 6%. By the year 

2050, renewable energy will largely be integrated into the power supply mix which will be made 

up of 23% Combined advanced, 11% Gas turbine conventional, 3% Gas Turbine advanced, 8% 

Nuclear advanced, 12% Hydropower large, 1% Hydropower small, 2% Wind turbine, 15% solar 

PV, 12% Solar thermal, 7% Incinerator, and 6% Gas engine. Renewable energy sources will make 

up at least 49% of the power supply mix, nuclear energy which is mostly classified as an 

alternative energy source is 8%, and the remaining 48% is for fossil fuels. Renewable energy 

sources massively increased by about 716% in the power generation mix from the base year to 

the projected period (2050). Gas power plants remain heavily in the power supply mix because of 

the low price of natural gas. Considering the environmental impact of coal which is often at times 

referred to as the dirtiest form of fossil fuels and the need to adhere to emission regulations, coal 

power plants are unavailable in the power supply mix. In addition, steam power plants have been 

eliminated during the planning period. While gas power plants have been considerably present 

during the planning period because of the low cost of gas but have still been significantly reduced 

during the planning horizon.   

 

  
 

 

 

Fig. 5.6. Nigeria’s electricity supply projection from 2010-2050 
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5.4.2.2 Emissions from the power supply mix 

The sole GHG that was taken into consideration in this study was CO2 emissions since it is the 

most prevalent GHG in the energy sector. The pattern of emissions that are expected to take place 

between the base year and 2050 is shown graphically in Fig. 5.7. According to the study, there 

has been an ongoing increase in CO2 emissions of varying magnitudes. The emissions of CO2 will 

increase from 111 million tonnes of CO2 (MtCO2) in the base year to about 266 MtCO2 in the year 

2050. The result shows significant dependency on technologies that rely on fossil fuels for the 

generation of electricity, this is mostly attributable to the cheaper cost of natural gas; this 

dependence has led to the development and rise of CO2 emissions. The CO2 emissions rapidly 

increased at first, but then leveled off and remained constant from 2030 to 2045, and then 

gradually reached the peak level of 266 MtCO2 in 2050. 

 A more aggressive penetration of renewable energy sources will go a long way toward helping 

Nigeria decrease its national GHG emissions inventory and supporting the country's efforts 

toward reaching a variety of international climate commitments. There is an urgent requirement 

for concerted efforts to accelerate the deployment of renewable energy technology across the 

nation. Therefore, obstacles that are responsible for the slow transition to renewable energy 

sources such as the absence of incentives, subsidies, grants, scarcity of renewable energy 

technologies experts, inadequate research and development capabilities, government bureaucracy, 

etc., need to be minimized or even eliminated for the transition to occur. 

Fig. 5.7. Nigeria’s CO2 emissions from power generation 

 

5.4.2.3 Jobs created 

The employment impact of the power generation planning is displayed in Fig. 5.8. The capacity 

to generate power expanded by around 865% throughout the planned period, and the number of 

jobs that were created increased by more than 3,068%. This indicates that a 1% increase in power 
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in the base year was approximately 66 thousand, but that number is projected to rise to 963 

thousand by 2030 and peaked at almost 2.05 million jobs by 2050. This implies that there is great 

potential for job creation if power generation is expanded to harness all the available energy 

sources in Nigeria including fossil fuels, renewable energy, and alternative energy. Even though 

this study only considered jobs that will be created from the construction and operation of power 

generation technologies, there is much more room for job creation if the manufacturing of parts 

for the power plants is considered together with decommissioning jobs. Because of this, the 

potential for employment in Nigeria will increase significantly if these are included. The 

preceding information indicates that a shift in strategy toward the incorporation of renewable 

energy sources into the power generating process has the ability not only to industrialize the 

economy but also to bring down the extremely high unemployment rate that exists in the country. 

 

Fig. 5.8.  Persons employed from PP construction and operation 2010-2050  

 

5.4.2.4 Power generation fuel consumption 

As can be seen in Fig.5.9, the total amount of fuel that was used to generate electricity in the base 

year was 13,814 PJ. The fuel consumption as projected from the base year increased and stabilized 

at 34,074 PJ from 2035 until 2045 when consumption of fuel remained constant. The fuel 

consumed for power generation during the study period peaked at 37,694 PJ in 2050 which might 

be ascribed to the rapid integration of various sources of energy to satisfy the growing electricity 

demand. The amount of fuel used had increased by a staggering 146% between the years 2011 

and 2035, and by 11% between 2035 and 2050. As highlighted earlier, there is an aggressive 

integration of energy sources throughout the power planning horizon, this is because of the 

growing electricity demand. As Nigeria is a developing nation factors such as industrialization, 

GDP growth, income growth, population growth, literacy, urbanization, etc., are driving factors 

for the increment of electricity demand [63]. 

0

500

1000

1500

2000

2500

2010 2015 2018 2020 2025 2030 2035 2040 2045 2050

P
er

so
n

s 
em

p
lo

ye
d

 e
ve

ry
 y

ae
r 

(T
h

o
u

sa
n

d
s)

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



  

130 | P a g e   
 

 

Fig. 5.9. Fuel consumed for power generation 

 

5.4.2.5 Costs of implementing the power supply system 

Fig. 5.10 displays the costs of power generation throughout the planning period. These costs are 

comprised of constant O&M expenses, variable O&M costs, and capital costs. The results 

demonstrate a rising expansion of annual investments throughout the energy planning horizon. 

The costs of generating in the base year are as follows: fixed O&M costs amount to 24.5 billion 

US$; variable O&M costs amount to 7.2 billion US$; and capital costs total 900 million US$. The 

whole cost of producing electricity is projected to drop to roughly 27.1 billion US$ by the year 

2050. The enormous expenditures made on new power production facilities led to the power 

generation capital cost reaching its all-time high of 45 billion US$ in the year 2020. The rapid rise 

in capital costs can be attributed to the investments made in expanding hydropower large plants, 

incinerator power plants, and gas turbine conversion facilities. In 2020, the fixed costs reached 

their maximum level of 36 billion US$. The cost of overall generating was at its highest in the 

year 2030, coming in at 13.4 billion US$. This can be attributed to the decreased costs of 

operation, maintenance, and fuel that have resulted from the introduction of solar power 

generation plants and wind turbines, as well as the expansion of hydropower plants and the 

construction of small hydropower plants and incinerator power plants, among other types of power 

plants. The significant decrease in the prices of producing electricity as a result of the widespread 

adoption of renewable energy technology is the most significant benefit that conventional energy 

sources do not offer in comparison to renewable energy sources. On the other hand, this does not 

necessarily imply that the initial capital investment required for renewable energy technology is 

less than that required for conventional technologies. It is important to make it clear that these 

costs are only associated with the energy system when they are considered in isolation, and that 

they do not represent the total net cost to the nation. When all opportunities are considered 

together, an energy system with a high proportion of renewable power will have the lowest overall 

cost. When viewed from an economic perspective, the total annual cost of an energy system that 
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is 100% sustainable will, over time, be lower. During the transition period, there will be an 

increase in capital expenditures, but the cost of gasoline will continue to go down. This will result 

in energy independence as well as energy security for Nigeria given that the country's energy 

system will mostly be based on local solar, hydro, biomass, and wind resources. 

 

Fig. 5.10. Power generation costs 

 

5.4.2.6 Comparison of results and outlook 

In this part of the study, to obtain a more comprehensive understanding of power planning in 

Nigeria, relevant papers were compared with the findings of this study. An investigation was 

carried out to determine whether it is possible to run a power supply system entirely on renewable 

sources of energy in Nigeria. The findings of this study are consistent with the outcomes of the 

Renewable Energy Scenario (REN) 1, including the amount of CO2 emissions, the number of jobs 

produced, and the power supply mix [111]. After reaching a peak of approximately 280 MtCO2 in 

2040, the REN1 scenario's CO2 emissions began a steady fall that eventually brought them to 

levels very close to zero. As a result of the fact that the REN1 scenario was built on the premise 

of reaching a power supply mix consisting of 100% renewable energy by the year 2050, fossil 

fuel power plants were fully eliminated from the power mix to accomplish this goal. On the other 

hand, the purpose of this study is to figure out how to get the best possible combination of sources 

of power while minimizing wasteful spending and emissions of greenhouse gases and boosting 

employment opportunities. Therefore, fossil fuel power plants continued to be a part of the mix 

of power supplies, which is responsible for the rise in CO2 emissions from 240 MtCO2 in the year 

2040 to 266 MtCO2 by the year 2050, instead of decreasing to zero as predicted by the research 

that was compared. 

The LEAP energy modeling tool was utilized by Emodi et al. [70] to devise a low carbon emission 

energy development plan for Nigeria from the years 2010 to 2040. According to the research, the 

reference scenario predicts that the energy demand will rise to 3,075 PJ by 2040, with a 
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corresponding increase in greenhouse gas emissions of 201.2 Mt CO2. In the GO scenario, more 

aggressive policy action by the Nigerian government would lead to a drop in both energy demand 

(2,249 PJ) and GHG emission (124.4 MtCO2) in the year 2040. The demand for energy and GHG 

emission substantially dropped by the year 2040 because of energy efficiency and conservation 

measures being implemented in the GO scenario. Emodi et al. [70] obtained that CO2 emissions 

will attain 240 MtCO2 by the year 2040, which is obviously in line with our findings. Because of 

the larger participation of fossil fuel plants in the energy mix throughout the planning era, the 

energy demand is significantly higher in this location. 

According to the results of the studies reviewed, Nigeria holds the potential to meet its energy 

needs and minimize its emissions of GHG by using energy sources that are available to the nation. 

Because of this, it is necessary to work as swiftly as possible toward the goal of integrating all 

these energy sources to form an optimal power supply mix. Most significantly, it was obtained 

that massive hydropower plants and solar PV will be the dominating technologies for power 

supply over the planned timeframe. Because of this, the Federal Government of Nigeria (FGN) 

must position solar PV, which are also known as solar cells, at the core of its policies addressing 

the distribution of electricity. Within a short period, the FGN must initiate policies and regulatory 

frameworks that can advance solar PV technologies as well as other RE technologies across the 

nation. Even if there have been some efforts made in this respect, such as the introduction of feed-

in tariffs and the decrease of import duties on RE Technologies, the FGN must establish new 

policies to speed up the distribution of RE Technologies across the country. A future goal policy 

ought to be the adoption of a RE portfolio standard. This standard ought to make it obligatory for 

all power producers and distributors, respectively, to create energy from renewable sources and 

to acquire electricity from businesses that generate electricity using renewable sources. The 

nationwide shift to the use of renewable energy sources will be accelerated as a result of the 

execution of this initiative. The two recognized and most feasible RE Technologies (solar PV and 

hydropower large plants) are plagued by the variability of supply, and this will become a 

hindrance to the transition to total renewables if it is not addressed. As a result of this, technologies 

for the storage of power, such as batteries and pumped hydro, will be necessary to offer flexibility 

within the system and ensure that the quantity of energy demand is always equal to the amount 

that is supplied. 

 

5.5 Conclusion 

Energy accessibility and security as well as the mitigation of climate change at a cost that is 

affordable are the modern focal points of studies for economies that are still in the process of 

developing or underdevelopment all over the world. The three goals that were addressed in this 

research all have a significant connection to the use of renewable energy sources (minimization 

of costs, minimization of CO2 emissions, and maximization of jobs). In the course of this study, 

an effort was made to investigate the best possible power supply mix by utilizing the GAMS 

model. This was done to reduce costs and emissions and increase job opportunities. According to 

the findings, Nigeria would have the capability to generate 2,100 TWh of power by the year 2050. 

In addition, solar PV and hydropower large would account for the majority of Nigeria's long-term 

energy mix during the period that was forecast. In addition, by the year 2050, the power supply 
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mix will include the generation of electricity from solar thermal plants, incinerators, nuclear 

power plants, gas plants, combined plants, and diesel engines. It was found that the construction 

and operation of power generation plants will contribute around 2.05 million jobs to the economy 

by the year 2050. These positions will be created over the next three decades. By the year 2050, 

CO2 emissions will have attained 266 MtCO2. The cost of producing electricity is projected to go 

down from its peak of 36 billion US dollars in 2030 to 27.1 billion US$ in 2050. It was found 

feasible to satisfy Nigeria's ever-increasing demand for electricity by tapping into indigenous 

energy sources. It was also obtained from the results that it is feasible for Nigeria's economy to 

keep up with the nation's growing demand for power despite the country's relatively high power 

system costs. Although there are many advantages to a sustainable power supply system, an active 

and passionate governmental intervention would be necessary to propel the development of 

renewable energy technology in Nigeria. This is the case even though there are many benefits to 

such a system. To make renewable energy sources more competitive, it is necessary to remove 

the obstacles that are causing the slow transition to these sources. These obstacles include fossil 

fuel subsidies and grants, inadequate infrastructure, inadequate training of personnel, lack of 

public awareness, and so on.  

The lack of data and the significant assumptions that were formed during this study were the two 

primary obstacles that stood in the way of significant progress being accomplished. The projection 

of future prices of natural gas, diesel, coal, and oil will be extremely difficult to get right because 

of the unpredictability of a variety of factors, such as fuel prices. The nations that make up the 

(Organization for Economic Co-operation and Development) OECD have contributed towards 

the development and operation of power plants in underdeveloped and developing economies. 

Because of this, the results will not be precise, and one must use some degree of discretion while 

interpreting and analyzing the results. Despite this, it is felt that the findings provide an excellent 

basis for addressing the issues with Nigeria's electricity supply and reducing the emissions of 

GHG’s. This research will be expanded in the future to include developing several scenarios and 

comparing the results of those scenarios, in addition to investigating several additional competing 

objectives for the optimization model. 
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Chapter 6 
 

Renewable energy's impact on power supply 

accessibility, affordability, and environmental 

sustainability: A system dynamics approach  
 

6.0 Chapter Overview 
The chapter titled "Renewable Energy's Impact on Power Supply Accessibility, Affordability, and 

Environmental Sustainability: A System Dynamics Approach" is focused on studying the effects 

of renewable energy on three key aspects: power supply accessibility, affordability, and 

environmental sustainability. The chapter is based on a system dynamics approach, which is a 

method for understanding and analyzing complex systems with feedback loops and dynamic 

interactions. 

 

The dynamics and complexities of renewable energy adoption, particularly in the context of power 

supply accessibility, are explored in the chapter. The impacts of renewable energy sources such 

as solar, wind, or hydro power on the accessibility of electricity to different regions or 

communities, especially in developing economies, are investigated. The affordability of 

renewable energy in terms of its costs, pricing structures, and economic implications for 

consumers, governments, and other stakeholders is also analyzed. The potential benefits and 

challenges of incorporating renewable energy into power supply systems in terms of affordability 

and financial sustainability are examined. 

 

Furthermore, the environmental sustainability aspects of renewable energy are explored in the 

chapter, considering its potential to reduce greenhouse gas emissions, mitigate climate change, 

and protect the environment. The potential environmental impacts of renewable energy sources, 

such as land use, water use, wildlife conservation, and waste management, are analyzed. The 

interactions and feedback loops between renewable energy adoption and environmental 

sustainability, including potential trade-offs or synergies, are also examined. 

 

Overall, a comprehensive analysis of the impact of renewable energy on power supply 

accessibility, affordability, and environmental sustainability is provided in the chapter, utilizing a 

system dynamics approach. The chapter contributes to the existing literature on renewable energy 

adoption, provides insights for policymakers and practitioners, and highlights the potential 

benefits and challenges of transitioning to renewable energy sources for power generation. 
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6.1 Introduction 

The World Economic Forum (WEF) first discussed the relationship between water, energy, and 

food in 2008 [1]. Between these three sectors, there are two different kinds of interactions: 

synergy, in which advancement in one area promotes the growth of another or results in a 

compromise in that field, and vice versa. The effectiveness of controlling food, energy, and water 

to prevent shortages has been the other. Every choice in these areas should thus be carefully 

considered because one decision in one sector will have an indirect or direct impact on the other 

sectors. 

Considering the energy sector, burning fossil fuels is the leading cause of air pollution worldwide 

[2]. Consequently, the pollution from burning fossil fuels alone kills more than 8 million people 

per year around the world [3]. In addition, burning fossil fuels releases a lot of greenhouse gases 

into the atmosphere. One of these, carbon dioxide, retains heat in the atmosphere and causes 

climate change. The greatest threat that humanity is now facing is regarded as climate change. An 

estimated 11.4% of the world's energy in 2019 came from renewables, while the remaining 4.3% 

came from non-renewable sources like fossil fuels, which account for 84.3% of all energy 

production [4]. Comparatively speaking, fossil fuels provided 86.1% of the world's energy in the 

year 2000. Nigeria's top goal should be energy source diversification to achieve a power supply 

system that is accessible, affordable, and environmentally sustainable to the entire nation. In light 

of the current trend towards sustainable development, Nigeria shouldn't fall behind in adopting 

policies to address issues with power supply accessibility, affordability, and environmental 

sustainability [5]. The overreliance on fossil fuel sources, which strains the reserves, is the root of 

the problem. The policy framework that is reliant on fossil fuels to provide the majority of its 

energy needs is another issue. By introducing other options [6] such biomass, solar, and hydro, 

geothermal, tidal, etc., it is feasible to eliminate this burden. 

 

Utilizing the System Dynamics software Vensim, indicators are collected for each variable of 

power supply availability, affordability, and environmental sustainability as well as the 

relationships between the variables. 60% of RE capacity is the goal Nigeria has set for itself by 

2030 [7], with a current RE penetration in the power sources mix of roughly 23% as of 2020. 

Transition to a low-carbon economy to enhance environmental sustainability depends heavily on 

RE. The cost of renewable energy is considerable, particularly in the early phases, which reduces 

energy efficiency. Energy consumption is to blame for 73.2% of the world's greenhouse gas 

emissions in 2016 [8]. This covers the utilization of energy for the generation of heat, electricity, 

and energy for transportation. The main barrier to the implementation of renewables is the capital 

investment, however as technology evolves, the cost of RE is decreasing [9]. As a result, this 

study will provide a thorough analysis of Nigeria's power supply accessibility, affordability, and 

environmental sustainability, with a focus on the significance of renewable energy to these 

aspects. Certainly, reducing poverty and enhancing the standard of living in the nation depend on 

economic growth. Energy is critical for economic development since it is the "oxygen" of both 

the economy as well as the key driver behind economic growth [10]. Nigeria is one of the world's 

top producers of both oil and natural gas [11]. Nigeria's energy industry is therefore essential to 

the country's economy's development. Fossil fuels have been Nigeria's main source of energy for 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



  

144 | P a g e   
 

industry, domestic usage, transportation, and the generation of electricity. Currently, up to 77% 

of Nigeria's energy mix comes from natural gas, which is mostly used to create electricity [12]. 

An inefficient and decaying power generation, transmission, and distribution system has 

hampered all economic processes. The decoupling of the power industry, which comprises of 23 

grid-connected power stations with a combined installed capacity of 10,396 MW and a combined 

available capacity of 6,056 MW [13], led to the formation of the Nigerian Electricity Supply 

Industry (NESI). The only component of the power production chain wholly owned by Nigeria is 

the Transmission Company of Nigeria (TCN), which was formed in 2005 when the National 

Electric Power Authority (NEPA) was decoupled. The 132kV and 330kV transmission systems 

are operated, maintained, and expanded by TCN [14]. There are more than 24000 km of 

distribution network on the grid line, which works at medium and low voltages (33kV and 11kV, 

respectively) in 2010 [14]. In Nigeria, the distribution of electricity is handled by 11 energy 

distribution companies (DISCOS). Ikeja Electricity Distribution Company has a service area of 

36,585 km, whereas Kano has a service area of 7,404 km and has the greatest losses at 40%. The 

Ikeja network has the largest power demands of 1,400 MW due to the strong energy consumption 

by businesses in that specific region, whereas the Ibadan network does have the highest output of 

878 MW with 812,000 consumers [15]. Nigeria therefore intends to diversify its mix of energy 

sources in order to minimize its use of fossil fuels, as announced at COP26 [16], and avoid 

becoming overly dependent on fossil fuel sources. Despite this, Nigeria's improved power supply 

accessibility, affordability, and environmental sustainability cannot be realized due to the 

country's overreliance on fossil fuels. Nigeria has a booming population of more than 200 million 

people with an annual growth rate of 2.55% [17]. This immediately results in a rise in energy 

consumption, which might provide Nigeria with further difficulties. Little or no research has been 

performed using a system dynamics approach to analyze the influence of renewable energy on the 

accessibility, affordability, and environmental sustainability of power supply in Nigeria. This 

directly contributes to a dearth of study on establishing a causal link between the various 

dimensions of accessibility, affordability, and environmental sustainability of the power supply. 

The ultimate purpose of this study is to examine accessibility, affordability, and environmental 

sustainability on Nigeria's power system, as well as the influence of RE on these aspects. To 

achieve this, three causal loop diagrams are created, one for each of the three dimensions of 

accessibility, affordability, and environmental sustainability. The next stage in the process of 

investigating how renewable energy impacts the availability, affordability, and environmental 

sustainability of power supply was the development of two stock-flow diagrams (SFD) for two 

distinct scenarios. 

6.2 Nigeria’s energy policies and their interaction with power supply 

accessibility, affordability, and environmental sustainability 

6.2.1 Nigeria's energy policies  

Table 6.1 provides a summary of Nigeria's energy policies so that scenarios for power supply 

accessibility, affordability, and environmental sustainability may be developed.  

 

The dimensions of power supply accessibility, affordability, and environmental sustainability:  
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The article briefly discusses the impact of renewable energy on power affordability, accessibility, 

and environmental sustainability. The three dimensions listed above have been determined to be 

the most important factors for the sustainability of Nigeria's power supply based on the study that 

has already been done.  

6.2.2 Availability dimension 

One of the more established aspects of energy security is availability which has been observed 

from various literatures. This relates directly to the natural origins of power sources. Nigeria has 

relied on fossil fuels for long years because they are easily accessible [12]. Nigeria has 

additionally been importing refined fossil fuels from other nations at the same time. Nigeria has 

been using natural gas to produce energy for some while now [18]. This situation has the potential 

to turn Nigeria from a major exporter to an importer. As a result, the supply of fuel reserves is 

dependent on both domestic and foreign providers of energy.  

6.2.3 Affordability dimension 

Energy access and availability at a reasonable cost are all that is meant by the term "affordable 

energy" [19]. Affordability, according to Sovacool and Brown [20] is characterized as ensuring 

access to energy resources; conversely, it suggests that people from all socioeconomic strata 

should have access to energy [21]. According to Kruyt et al., [22], it is the minimal energy prices 

for customers. Affordability is one among the aspects that has to be given importance since 

transitioning to RE would be costlier than using fossil fuels. This is due to the fact that using RE 

requires more expensive equipment than using traditional fuels for power generation. As a result, 

this dimension and the nation's economic situation are stable and reliable. Aside from that, there 

is a strong correlation between the cost of energy resources and their volatility. For a brief while, 

supply and demand mismatches can be used to explain the unpredictability of fossil fuels [23]. 

Table 6.1: An overview of Nigeria's energy policies 

Year Policy on 

Energy 

Objective of the policy Reference 

2003 National 

Energy 

Policy 

(NEP) 

The NEP places a strong emphasis on making the best use 

possible of the country's energy resources to ensure long-

term economic and social development with the effective 

involvement of the private sector. 

[24] 

2014 National 

Renewable 

Energy and 

Energy 

Efficiency 

Policy 

(NREEEP) 

In addition to applying energy efficiency and conservation 

technologies and best practices in the domestic, commercial, 

industrial, transportation, agricultural, and construction 

sectors of the nation's economy, this policy outlines the 

exploration, exploitation, and allocation of all renewable 

sources. This paper, it is believed, will offer the framework 

required for more effective development of energy efficiency 

and renewable energy for sustainable growth of the country's 

economy. 

[25] 

2007 National 

Energy 

To create a framework for the implementation NEP. [26].  
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Masterplan 

(NEMP) 

2006 Renewable 

Energy 

Masterplan 

(REMP) 

By 2030, 36% of all power will be generated from renewable 

sources, up from 13% in 2015, according to the REMP. By 

2025, 10% of the power consumed in Nigeria would be from 

renewable sources. 

[27] 

 

6.2.4 Environmental sustainability dimension 

This factor is crucial in demonstrating the enormous environmental impact that fossil fuel-related 

human activities may have [28]. Within this dimension, the amount of carbon dioxide emissions 

is crucial. Within such an aspect, the relationship between CO2 emission and other metrics, 

including population, GDP, energy consumption, etc., was investigated. Since it impacts the 

quantity of RE used to generate electricity, which is directly tied to lowering GHG emissions, the 

amount of renewable energy utilized in the generation of electricity is a clear demonstration of 

this dimension. Diversifying the sources of electricity-generating fuels is widely employed as an 

indicator of power supply accessibility, affordability, and environmental sustainability, according 

to Kosaki & Unesaki, [29]; Zhu et al., [30]; and Alvarez-Ramos et al., [31]. This is referred to as 

the "environmental stewardship dimension" toward "accessibility, affordability, and 

environmental sustainability" in Sovacool & Brown's [20] analysis, which also notes that it 

emphasizes sustainability. 

6.3 Methodology 

Accessibility, affordability, and environmental sustainability of power generation were further 

investigated in this study. To investigate the link between several indicators of each dimension, 

causal loop diagrams were developed. A causal loop diagram was made for each of the three 

dimensions using the corresponding indicators. The causal loop diagram shows how several 

dimension indicators are related causally. This study provided two distinct situations. Studying 

the nation's aspiration for power supply accessibility, affordability, environmental 

sustainability and taking into account the difficulties the nation has faced in helping design these 

two scenarios. As a result, the underlying premise of the scenarios is the objective set out in the 

various policies that have been discussed. For each scenario the simulation of the Stock and Flow 

Diagram (SFD) for the next five years was performed.  

6.3.1 System dynamic approach  

A simulation technique that addresses real-world issues is termed as system dynamics approach 

[32]. This is accomplished by outlining how the variables interact in actual complicated systems. 

The link between the indicators of each dimension is generated using the Vensim software. The 

Causal Loop Diagrams (CLDs) will include positive (+) arrows for relationships with mutual 

supports and negative (-) arrows for links that are contradictory to one another. The purpose of 

the causal loop diagrams is to analyze the link between the variables that either directly or 

indirectly impact one another. In this study, two distinct cases are described, each of which 

includes a stockflow diagram (SFD) for simulation. Stocks are essential for generating system 
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behavior. It establishes the system's current state [33]. Stocks can only be modified by flows into 

and out of the system, which can only be measured one instant at a time. Flows are measured 

throughout a period because they are expressed per unit of time. Energy intensity, cost, and energy 

consumption all rise when overall energy use rises. As a result, energy is used less efficiently. 

Energy stock would gradually rise as a result of this, and production rates may go up. The 

remaining CLDs and their loops may also be easily read and comprehended in order to 

comprehend the connection and causation of the indicators of each dimension. If there isn't at least 

one stock involved in a causal loop, the loop becomes instantaneous. Stocks are influenced by 

auxiliary variables but changing the system's mathematical structure by adding or eliminating 

auxiliary variables has no effect. Every variable and its fluxes must be defined by quantitative 

values and equations in order to be quantitatively modeled. According to the research of Morecroft 

and Sterman (1994), there are two presumptions: (1) flows inside processes are continuous, and 

(2) flow lacks a random component [34]. With these two presumptions in mind, the stock and 

flow system may be compared to a "plumbing system," with the stock serving as the tank and the 

flows serving as the valves that regulate the flow rate into and out of the tank. It is necessary to 

establish the flow equation and the beginning values for each stock. These equations enable the 

model to be solved in Vensim, which then produces a graphical depiction of the change over time. 

 

6.4 CLD and SFD 

6.4.1 Availability dimension CLD 

As seen by the CLD in Fig. 6.1, when there are more people, there is a greater need for electricity 

since there are more people doing more things. The population of Nigeria has been continuously 

increasing, with a growth rate of 2.5% yearly [35]. The need for energy in Nigeria will rise 

gradually along with the country's population growth. As shown in Fig. 6.1, a higher birth rate 

increases the population, and a higher death rate decreases it.  The balancing loop states that when 

demand for power increases, more power is generated while also using more primary source 

of energy. Energy intensity is directly connected to the overall use of primary energy. This is 

because the energy intensity is the proportion of gross domestic product to total primary energy 

use (GDP). As a result, the amount of primary energy consumed overall directly proportionately 

determines the energy intensity. Energy intensity would rise with a rise in the overall use of 

primary energy. Energy demand will rise as energy intensity increases, raising the cost of energy 

as a result. Furthering explanation is the fact that as power consumption rises, so does the 

requirement for generation. Energy reserves will decrease due to the growth in energy output. As 

a result, the ratio of the nation's energy reserves to its total production drops. The nation's power 

supply accessibility, affordability, and environmental sustainability is at jeopardy as a result, and 

energy shortages might result. When there is a shortage of energy, energy demand will rise. One 

of the problems Nigeria's electricity supply today faces is the accessibility, affordability, and 

environmental sustainability brought on by the importation of fossil fuels from other nations [36]. 

The country's economic growth is projected to slow down as its dependence on energy imports 

increases, which is bad for the accessibility, affordability, and environmental sustainability of the 

country's long-term power supply: As a result, the nation's principal energy source is now 

dependent on energy imports. 
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Fig. 6.1. Power supply availability CLD 

 

6.4.2  Affordability dimension CLD 

The consequences of the population's birth and death rates are addressed by the reinforcing loop 

and balancing loop in Fig. 6.2. Any population rise immediately leads to a rise in energy 

consumption, as seen by the balancing loop B2. Increased energy demand will probably result in 

higher energy costs and a decrease in energy supply. As a result, there is a reduction in the amount 

of power produced. As a result, fewer people would have access to power on a percentage basis. 

Increasing energy output in R2 is a result of higher energy consumption. Energy consumption will 

inevitably rise if energy output remains high. In the meanwhile, balancing loop B3 connects the 

production and consumption of power to its supply and demand. Higher power output would result 

in higher electricity demand. As a result, the demand for power would rise. Higher electricity 

demand would result in higher electricity prices and a reduction in the amount of electricity 

available. If a result, as the supply of power declines, so would the amount of electricity produced. 

The retail power price, sometimes referred to as supply and demand in the electricity tariff, is 

related to loops R3 and B4. A higher electricity tariff lowers demand whereas a higher electricity 

tariff reduces supply, which raises the electricity tariff in the scenario where higher demand raises 

the power tariff. This is because there won't be any carbon emissions at all while utilizing RE as 

a source of energy. As a result, there is a decrease in the environmental effect of emissions and 

contaminants. As a result, the nation will build additional RE capacity, which immediately raises 

the output of renewables. The ratio of power used to CO2 emissions rises when CO2 emissions 

increase as well. Climate change is more likely to occur if CO2 emissions are larger than they 

were under energy consumed. The environmental sustainability dimension performs worse as the 

likelihood of climate change rises. The CO2 emissions raise the CO2 over GDP ratio since they 

are exactly proportional, which is the final explanation for loop B4. As a result, the nation's 

economy will expand less rapidly. The country's poverty is likely to rise as a result, which will 

lower the standard of living. A lower standard of living can raise CO2 emissions once more.  
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Fig. 6.2. Affordable power CLD 

 

6.4.3 Environmental sustainability dimension causal loop diagram 

According to Fig. 6.3. the non-carbon percentage of the power generation increases as RE 

production increases. This is because using renewables as an energy source will result in zero 

carbon emissions. Consequently, pollutants and toxins have less of an impact on the environment. 

As a result, the country's capability for harnessing renewable will increase, increasing the share 

of renewable output. The ratio of energy used to CO2 emissions increases in R3 as greenhouse 

gas (CO2) emissions grow. 

Climate change is more likely to occur if CO2 emissions are larger than they were under primary 

energy. The environmental sustainability factor performs worse as the likelihood of climate 

change rises. The CO2 emissions raise the CO2 over GDP ratio since they are exactly proportional, 

which is the final explanation for loop R4. As a result, the nation's economy will expand less 

rapidly. The country's poverty is likely to rise as a result, which will lower the standard of living. 

A lower standard of living can raise CO2 emissions once more. 
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Fig.6.3. Environment Sustainability CLD 

 

6.4.4  Stock and flow diagrams  

Fig. 6.4 shows a Stock and Flow Diagram (SFD) that illustrates the direct effect of a business as 

usual (BAU) scenario on Nigeria's access, affordability, and environmental sustainability of its 

power supply. In Nigeria, natural gas and hydropower plants account for 77% and 23%, 

respectively, of the country's total power generating mix as of 2021 [16]. Natural gas power plants 

are thought to operate at an efficiency of about 45%. This immediately correlates with the 

remainder being lost to the environment to the tune of 55%. Gas has the benefit of having the best 

power efficiency of any power plant and emitting less carbon dioxide than other fossil fuels like 

coal. To lessen its reliance on fossil fuels, the Nigerian government has been trying to use RE 

sources for power generation. This is demonstrated by the REMP's 2030 capacity mix objective, 

which calls for 36% RE. In turn, this would result in a reduction in our reliance on fossil fuels. A 

forecast is given for a significant increase in electricity output and efficiency over the next five 

years if the reliance on fossil fuels declines (Fig. 6.6). In Fig. 6.4, as the number of energy sources 

becomes more plentiful, so does power generation, and so does the amount of energy that is 

accessible for use in power generation. With decreased reliance on fossil fuels and a larger 

proportion of RE in the power supply mix, it is anticipated that Nigeria would be able to ensure a 

better power supply that is accessible, affordable, and environmentally sustainable. Power costs 

rise as a result of increased power generation. Power wastage decreases when energy costs rise in 

an indirect manner. Thus, power supply efficiency is increased. The effect of the proportion of 

renewable energy on the availability, affordability, and environmental sustainability of the power 

supply is shown in Fig. 6.5. According to the REMP, renewable energy sources will produce 36% 

of total electricity by 2030, up from 13% in 2015. 10% of the electricity used in Nigeria by 2025 

will come from renewable sources [27]. The diversification of the power supply mix, which 

includes the incorporation of energy sources like solar, hydro, biomass, wind, tidal, etc., has been 

substantially slowed down by the Covid-19 pandemic outbreak, though. The pandemic 

temporarily reduced the consumption of power, but it is expected that as the nation concentrates 

on its economic recovery, the increase in demand will level off going forward. This rise in power 

demand is brought on by both increased power consumption and an increasing population [37]. 

In accordance with the government's target of 36% renewables in the power mix by 2030, a 
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projection is prepared on the availability, affordability, and environmental sustainability of power 

production and delivery. According to Fig. 6.7, a rise in the proportion of renewables in the power 

supply mix results in an explosive increase in power output. Comparable scenario-based research 

will assist energy policymakers in formulating policies based on greater facts and proof. As a 

result, individuals in charge of energy policy should develop strategies that focus on better and 

more sustainable developments for Nigeria's power supply in terms of accessibility, affordability, 

and environmental sustainability. 

 

 

 

 

Fig. 6.4. The BAU SFD 

 

 

 

 

 

 

 

Fig. 6.5. The renewable penetration SFD 
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Fig. 6.6. Simulation results of the BAU SFD 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.7. Simulation results of the renewable penetration SFD 
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6.5 Conclusion 

Three CLDs were developed in this study to examine the relationships among the various 

indicators of power supply accessibility, affordability, and environmental sustainability 

dimensions. In order to examine the effects of an increased percentage of RE in power generation 

on Nigeria's power supply accessibility, affordability, and environmental sustainability, two 

distinct scenarios were developed. Accessibility, affordability, and environmental sustainability 

of the electricity supply are thought to be enhanced if indeed the country's plan of using 36% 

renewables in the mix of power sources is to be met. By making investments in RE, reducing the 

usage of fossil fuels for the power generation is also feasible [55]. The only barrier the nation will 

encounter is the cost of investing in RE technology, which is greater than that of fossil fuels. RE 

must ultimately take over as the main energy source since it is a more sustainable option compared 

to other sources of energy with no or extremely low greenhouse gas emissions. These objectives 

would be threatened by the RE's intermittent nature, however with improved financing and energy 

storage technologies, these can be overcome. Nigeria has to make progress in implementing the 

policies necessary to increase the country's accessibility, affordability, and environmental 

sustainability. The model must be validated and verified with the necessary parties from the 

Ministry of Power, Ministry of Science and Technology, Ministry of Agriculture, Ministry of 

Petroleum, Ministry of Environment, NNPC (Nigerian National Petroleum Company) Limited, 

ECN (Energy Commission of Nigeria), REA (Rural Electrification Agency), and other NGOs 

working within the energy sector. This will guarantee that the model appropriately represents the 

current energy policies in Nigeria. This might be a chance to broaden the present research, which 

would be beneficial.  
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Chapter 7 

Conclusion and recommendations 
 

7.1 Conclusion 

In this thesis, holistic thinking revolving around energy mix for a sustainable power generation in 

the Nigerian power system has been developed using a multi-objective optimization approach to 

integrate indigenous energy sources into the existing power generation mix. The model has three 

conflicting objectives: reducing power generating costs, reducing CO2 emissions, and increasing 

jobs. Hybrid Structural Interaction Matrix was utilized to compute the weights of the three 

objectives for the multi-objective model to be modified into a single objective model. This will 

help in addressing Nigeria’s rising power demand and mitigate GHG emissions. To ensure that 

factors responsible for the rising power demand and slow transition to renewables are properly 

managed to lay the basis for the sustainable power supply mix, the Hybrid Structural Interaction 

Matrix (HSIM) was utilized to prioritize the identified factors which guaranteed optimal resource 

allocation. The impact of renewable energy on power accessibility, affordability, and 

environmental sustainability was also investigated using system dynamics approach. 

It was inferred that Nigeria would have the capability to generate 2,100 TWh of power by the year 

2050. In addition, solar PV and hydropower large would account for the majority of Nigeria’s 

long-term energy mix during the period that was forecast. In addition, by the year 2050, the power 

supply mix will include the generation of electricity from solar thermal plants, incinerators, 

nuclear power plants, gas plants, combined plants, and diesel engines. It was found that the 

construction and operation of power generation plants will contribute around 2.05 million jobs to 

the economy by the year 2050. These positions will be created over the next three decades. By the 

year 2050, CO2 emissions will have attained 266 MtCO2. The cost of producing electricity is 

projected to go down from its peak of 36 billion US dollars in 2030 to 27.1 billion US$ in 2050. 

It was found feasible to satisfy Nigeria’s ever-increasing demand for electricity by tapping into 

indigenous energy sources. It was also inferred that from the results, it is feasible for Nigeria’s 

economy to keep up with the nation’s growing demand for power despite the country’s relatively 

high-power system costs. Although there are many advantages to a sustainable power supply 

system, an active and passionate governmental intervention would be necessary to propel the 

development of renewable energy technology in Nigeria. This is the case even though there are 

many benefits to such a system. To make renewable energy sources more competitive, it is 

necessary to remove the obstacles that are causing the slow transition to these sources. These 

obstacles include fossil fuel subsidies and grants, inadequate infrastructure, inadequate training 

of personnel, lack of public awareness, and so on. 

The direct factors responsible for the slow transition to renewables were found to be the absence 

of subsidies and government grants, none or few renewable financing institutions, experienced 

professionals are scarce, barriers to public awareness and information, and ineffective government 
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policies. In the case of rising power demand, the impact of urbanization, industrialization, 

agriculture, commercial/services growth rates, and pollution were identified to be directly 

responsible for the rising power demand. The outcome from the system dynamics approach on 

accessibility, affordability, and environmental sustainability of the electricity supply are thought 

to be enhanced if indeed the country's plan of using 36% renewables in the mix of power sources 

is to be met. 

 

7.1.1 Research findings 
 

The findings of this PhD research, in accordance with the research questions, comprise: 

 

1. The research has identified that the current power sources mix in developing economies, 

including Nigeria, presents challenges in terms of cost, reliability, environmental impact, 

and accessibility to electricity. For example, the reliance on conventional sources of 

power, such as fossil fuels, may result in lower upfront costs but can be unreliable and 

have negative environmental impacts. In contrast, renewable energy sources, such as solar 

and wind, may have higher upfront costs but offer greater reliability and lower 

environmental impact in the long run. These findings contribute to the existing body of 

knowledge by providing specific insights into the advantages and disadvantages of the 

current power sources mix in the context of developing economies. 

 

2. The research has identified key factors that drive electricity sustainability in developing 

economies, including Nigeria, such as resource availability, technological innovation, 

policy and regulatory frameworks, economic considerations, and social and cultural 

factors. These factors have been systematically identified and prioritized to inform policy 

interventions and actions towards sustainable power supply. For instance, understanding 

the importance of resource availability, such as renewable energy resources, can inform 

policymakers in promoting renewable energy development as a sustainable solution. This 

contributes to the literature by providing a comprehensive understanding of the 

multifaceted factors that influence electricity sustainability in developing economies. 

 

3. The research has identified factors that influence the transition to renewable energy 

sources in developing economies, including Nigeria, such as technological maturity, 

policy and regulatory frameworks, investment and financing mechanisms, and social 

acceptance. These factors have been systematically analyzed and prioritized to facilitate 

the adoption and integration of renewables in the power mix of developing countries. This 

contributes to the existing knowledge by providing insights into the specific factors that 

hinder or enable the transition to renewable energy sources in the context of developing 

economies. 

 

4. The research has developed an optimal predictive model that considers factors such as 

energy demand, resource availability, and environmental sustainability to determine a 

sustainable power supply mix for the Nigerian power system. This model has been used 
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to inform policy and planning decisions for a sustainable energy future in Nigeria and 

other developing economies. This contributes to the literature by providing a novel 

approach to developing predictive models for sustainable power supply mix optimization, 

considering specific factors relevant to developing economies. 

 

5. The research has utilized a system dynamics approach to model and analyze the impact of 

renewable energy on power supply accessibility, affordability, and environmental 

sustainability in developing economies, including Nigeria. The insights gained from this 

analysis contribute to the literature by providing a nuanced understanding of the complex 

interactions and feedback loops between different variables and stakeholders in the energy 

system, and how policy interventions can influence the outcomes in terms of power supply 

accessibility, affordability, and environmental sustainability. 

 

 

Some findings as affirmed by outputs from this research in conjunction with the literature include:    

 

6.  Sustainable Development Goal (SDG 7- affordable and clean energy) is sustainably 

achievable only in an energy mix scenario. Also, a sustainable energy policy in line with 

SDG 7, is achievable in a holistic and integrated thinking space where the modelling of 

energy systems drivers is deployed fusion-wise.  

 

7.  A few notable factors directly responsible for the slow transition to renewables include: 

the absence of subsidies and government grants, none or few renewable financing 

institutions, scarcity of experienced professionals, existence of barriers to public 

awareness, misinformation, and ineffective government policies amongst others. 

 

8.  The dynamical impact of renewables on accessibility, affordability and environmental 

sustainability from mixed energy sources is positive with a transient behavioral growth 

over time and an asymptotic-like outlook as the transient behavior decays over time.  

 

9.  The environmental sustainability factor was observed to perform poorly as the likelihood 

of climate change rises. Herein, CO2 emission rises over the planned output which negates 

the GDP ratio since they are exactly proportional. As a result, the nation's economy will 

expand less rapidly. The level of poverty is likely to rise hence, lowering the standard of 

living. A lower standard of living can raise CO2 emissions once more. 

 

In summary, the research has generated findings that addressed the research questions outlined in 

the PhD thesis. These findings contribute to the existing knowledge by providing specific insights 

into the advantages and disadvantages of the current power sources mix, key factors driving 

electricity sustainability, factors influencing the transition to renewable energy sources, 

development of an optimal predictive model for sustainable power supply mix, and application of 

a system dynamics approach for analyzing the impact of renewable energy in developing 

economies. 
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7.1.2 Contribution to knowledge 
 

The contribution to knowledge of this research include: 

 

Generalized understanding of power system availability, affordability, and sustainability driving 

factors: The research identifies and analyzes a diverse range of qualitative and quantitative factors 

that influence the availability, affordability, and sustainability of power systems. By considering 

multiple constraints and objectives, and adopting a systems thinking approach, the study provides 

a comprehensive understanding of the complex dynamics that affect power system performance. 

This contributes to the knowledge by presenting a holistic view of the factors that impact power 

systems, which can be valuable for policymakers, practitioners, and researchers working in the 

field of energy systems. 

 

Development of a robust prioritization and optimization model: The research presented a 

prioritization and optimization model for energy mix optimization, which can be applied to the 

specific case of the Nigerian power system. The model integrates various factors such as technical, 

economic, environmental, and social considerations, and provides a systematic approach to 

selecting the optimal mix of power sources. The robustness of the model is highlighted by its 

ability to handle multi-constraints and multi-objectives, which can be complex in real-world 

energy planning scenarios. This contributes to the knowledge by presenting a novel and practical 

approach to addressing the challenge of optimizing power source mix, especially in developing 

economies. 

 

Customizability and adaptability of the model: This research has highlighted that the developed 

prioritization and optimization model can be customized and adapted to different energy mix 

problem scenarios beyond the Nigerian power system. This implies that the findings and 

methodology presented in the study can be applied to other developing economies or regions 

facing similar challenges in power system optimization. The customizability and adaptability of 

the model contribute to the knowledge by providing a flexible and transferable approach that can 

be applied in different contexts to support decision-making and planning related to power system 

development. 

 

Practical implications for policy and practice: This research has practical implications for 

policymakers and practitioners involved in energy planning and policy-making. The findings and 

methodology can inform decision-making related to power system development, energy mix 

optimization, and sustainable energy planning. The research has provided insights into the factors 

that need to be considered for optimal power source mix selection, and the development of a 

robust prioritization and optimization model can aid in making informed decisions based on 

technical, economic, environmental, and social considerations. This has contributed to the 

knowledge by providing practical recommendations that can be applied in real-world scenarios to 

support sustainable power system development. 
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In conclusion, the research has made significant contributions to the knowledge by providing a 

generalized understanding of power system availability, affordability, and sustainability driving 

factors, developing a robust prioritization and optimization model, highlighting the 

customizability and adaptability of the model, and providing practical implications for policy and 

practice. The findings and methodology presented in the study can be valuable to researchers, 

policymakers, and practitioners working in the field of energy systems, particularly in the context 

of developing economies. 

  

7.2 Recommendations 
 

For further implementation of this research, especially for the interest of addressing Nigeria’s poor power 

supply and GHG mitigation, developing several scenarios and comparing the results of those scenarios for 

the power generation mix should be of utmost priority including the need to investigate several additional 

competing objectives for the multi-objective optimization model. Finally, all the developed models of the 

multi-objective optimization, HSIM, and system dynamics can be validated and verified with the necessary 

parties from the Ministry of Power, Ministry of Science and Technology, Ministry of Agriculture, Ministry 

of Petroleum, Ministry of Environment, NNPC (Nigerian National Petroleum Company) Limited, ECN 

(Energy Commission of Nigeria), REA (Rural Electrification Agency), and other NGOs working within 

the energy sector. This will guarantee that the models appropriately represent the current energy policies 

in Nigeria. The above mentioned would definitely aid with the broadening of the current research with a 

view of energy sustainable in place within the Nigerian system. 
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