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Abstract:

This paper presents a comparative analysis of four major electrical power generation technologies; wind energy, solar photovoltaics (PV),
fossil fuels (coal and natural gas) and nuclear power through an integrative comparative analysis. This paper examines energy densities,
Levelized Cost of Electricity (LCOE), capacity factor, carbon intensity, as well as direct effects on ecosystems and living organisms using a
systematic life-cycle assessment (LCA) and techno-economic review framework. Although fossil fuels still have high capacity factors, their
externalities on the environment namely the issue of greenhouse gases and ambient air pollution are existential threats. On the other hand, wind
and solar PV provide clean operation, but have a spatial footprint requirement and intermittency. Nuclear energy provides high-density, low-
carbon baseload electricity but has very stringent economic, regulatory and waste management conditions. It is in these dimensions that this
paper will synthesize to provide probable energy transition pathways.

Keyword: Blended Learning, Hybrid Education, Secondary Schools, Digital Divide, Educational Technology, Al-Assisted
Research.

Introduction

The world demand in electrical power is on an increasing trend which is fuelled by industrialization, population explosion and a
fast rate of electrification of transport and heating systems in most parts of the world [1]. Nevertheless, the current system of the
power grid is still mostly dependent on fossil fuel power plants, mostly coal and natural gas, which contribute to the highest single
amount of carbon dioxide ( CO 2 ) emissions in the world [2]. The resultant increase in the pace of radiative forcing, the growth of
global mean temperatures and atmospheric instability have necessitated a global commitment as required by the Paris Agreement to
ensure global warming is kept well below 2 C above pre-industrial levels [3]. To deal with this crisis, it is necessary to decarbonize
the world power structure and switch to low-carbon and zero-emission energy infrastructure based on alternative energy sources
instead of hydrocarbon-fueled combustion systems.[4]

In the past, fossil fuels have been supreme because they had a high volumetric energy density, dispatchability, and relative
storage and transportation ease [5]. The thermal power plants and natural gas combined cycle (NGCC) facilities have been long
relied on coal to provide baseload power all over the world [6]. However, the mining, processing and burning of fossil energy
carriers have high levels of environmental degradation [7]. Sulfur dioxide ( SO2 ), nitrogen oxides ( NOx ), toxic heavy metals
(e.g., mercury) and fine particulate matter ( PM2.5 ) are some of the airborne pollutants that cause severe respiratory and
cardiovascular morbidity in human populations and, at the same time, trigger the effects of ocean acidification and global acid rain
.19.8]

In reaction, the utility-scale solar photovoltaic (PV) systems and the onshore/offshore wind turbines have seen an exponential
rate of deployment as variable renewable energy (VRE) sources in the last 20 years [10]. Fueled by the dramatic technological
breakthroughs and government subsidies, prices of solar panels and wind turbines will fall to a point that in most power markets
they will be as competitive with fossil generation as a source of power [11, 12]. Wind turbines utilize the kinetic energy in the
atmosphere to generate electricity that has no direct emissions, whereas solar PV system uses the photoelectric effect to convert the
direct solar irradiance into the direct current [13]. Although these have benefits, renewable energy systems have an inherent
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disadvantage in terms of variability of resources, low spatial power density, and geographical limitations [14]. The variability of
wind and solar power also creates grid instability and requires some form of back-up power, grid-based energy storage or demand-
side management to keep the frequency held at the desired level and supply reliability.[16 ,15]

Nuclear energy is another special non-combustion alternative that can provide large scale and low-carbon baseload electric
power [17]. Nuclear reactors use the enriched uranium ( ~{235}U ) isotopes through controlled reactions to generate energy with
orders of magnitude higher densities than either chemical fuels or collectors of renewable resources [18]. This means that nuclear
facilities have a very low land area requirement and they can run with capacity factors greater than 90% [19]. Nevertheless, nuclear
energy industry is confronted by mass media issues of public safety in the event of a huge accident (e.g. Chernobyl, Fukushima),
risk of nuclear proliferation, undecided long-term radioactive waste storage procedures, and intense initial capital intensity that
slows down the execution of projects.[20]

The analysis of the best energy mix should be based on the analytical framework, which balances the economic cost, grid
reliability, material requirements, transformation of land, and ecotoxicological effects on the biological life. This comparative
analysis systematically analyzes wind, solar PV, fossil fuels and nuclear energy on these main critical operation, environmental and
biological aspects.

2. Methodology

The study is a synthesis of the quantitative data in terms of life-cycle assessment(LCAs), the techno-economic as well as the
environmental impact assessment via a systematic review methodology that satisfies the PRISMA guidelines [21]. The LCA
boundary conditions that have been used in this assessment take a cradle-to-grave viewpoint, which includes the extractions of raw
materials, manufacturing, transport, construction, operation, and decommissioning, and end-of-life disposal or recycling.[22]

Comparisons of techno-economic aspects make use of Levelized Cost of Electricity (LCOE) which is expressed as:

\text{LCOE} = \frac{\sum_{t=0}*{N} \frac{l_t+ M_t+ F_tH{(1+N"}}H{\sum_{t=1}{N} \frac{E_t}{(1+r)"t}}

The capital investment expenditure spent during year t is denoted by 1t, operation and maintenance costs are denoted by M t,
fuel costs are denoted by F t, electrical energy generated is denoted by E t, the discount rate is denoted by r and the life period of
operation of the asset is denoted by N [23]. Ecological effects are measured in terms of the mortality of species, the rate of habitat
conversion (hectaressMW) and ecotoxicity potentials based on the global toxicological databases [24, 25].

3. Techno-Economic Evaluation & Comparative Performance

3.1 Advantages and Disadvantages

All energy technologies have unique operational features which are determined by thermodynamics, availability of resources
and structural engineering constraints [26].

1. Wind Power:
e pros Zero emissions of greenhouse gases and water; low lifecycle emissions; potential to use the same land
area in dual use (e.qg., agriculture and grazing under turbines) [27].
e Cons: Its high intermittence; noise pollution (acoustically and visually); consumes a lot of material per MW
(steel, concrete, rare-earth elements); potential direct mortality of birds and bats [28].
2. Solar Photovoltaic (PV):
e Pros: It has a vast amount of universal resource; it can be scaled to levels of residential roofs up to utility-
scale (gigawatts); it is operationally non-emitting, non-water consuming; capital costs are decreasing [29].
e Negatives: Poor energy conversion efficiency (usually 1823%); diurnal and seasonal operation; large surface
area (e.g., cadmium, lead, silane) in the manufacturing process is dangerous; with chemicals (e.g., cadmium,
lead, silane) [30].
3. The energy source with the greatest volume contribution is the fossil fuel (Coal and Natural Gas).
e Advantages: Great power dispatchability and load-following control; great power density; developed supply
chains; minimal start-up capital expenditure per unit capacity relative to nuclear [31].
e Negatives: The greenhouse gas emissions are fairly high in life cycle; releases of toxic air pollutants;
susceptibility to fluctuations in the price of fuel; environmental devastation during fuel mining (mountaintop
removal, hydraulic fracturing) [32].
4. Nuclear Power:
o Benefits: Ultra-high energy density; high-capacity factor, continuously operated base load, and small
footprint per TWh of land use; zero direct atmospheric CO2 or criteria pollutant emissions, when operating
[33].
e Cons: Capitals costs and construction durations are expensive ( CAPEX ) and the long-term radioactive
waste management needs are at high levels; citizens have fears about the project; thermal discharges hazards
into aquatic life [34].

3.2 Sustainability, Durability, and Capacity Factors

Lifecycle sustainability of generation infrastructure is directly determined by the long-term viability and performance of the
generation infrastructure [35]. Nuclear plants have the longest lifespan (60-80 years) with thermal plants powered by fossil fuels
(30-50 years), wind turbines (20-25 years) and solar PV panels (25-30 years) next [36].

Capacity factor - ratio of real electrical energy to maximum output produced during a specified period of time - varies widely
among such systems [37]:

e Nuclear Power: 90-93%

o  Fossil Fuels (Coal/NGCC): 55-85%
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e Wind Energy (Onshore/Offshore): 30-50%
e Solar PV: 15-25%

3.3 Economic Dynamics: CAPEX, OPEX, and LCOE

The competitiveness of economies changes in terms of the overnight capital expenditure in comparison with long-term fuel and

operational expenditure [38].

Metric / Feature Onshore  Wind Solar Photovoltaic Fossil Fuels (Coal Nuclear
Power (PV) / Gas) Power

Average LCOE (/MWh) 30— 55 28— 50 45 140 65 180

Overnight CAPEX ( /kW) 1,200 - 1,800 800~ 1,300 1,000 3,500 oo T

Capacity Factor (%) 359 —50% 15% — 25% 50% — 85% 90% — 93%
(Yegrzg’ra“o”a' Lifespan | 5 _ 55 2530 3050 60— 80

Lifecycle GHG Emissions 490 (Gas) — 820

(GCO 2eq/kWh) -1 20-48 (Coal) 12
(m,\'-zf;‘,’\]/ldWh year) Footprint | 15 _ 15 (Direct) 810 1-3 0.1-05

Water Consumption N ~0 (10-20 for B 1,500 -
(L/MWh) 0 cleaning) 1,000 -2,500 3,000

4. Environmental and Ecological Impacts on Living Organisms
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4.1 Atmospheric Emissions and Public Health

During fossil fuel

combustion, particulate matter ( PM2.5, PM10) and sulfur dioxide ( SO2 ), nitrogen oxides ( NOx ) and

volatile organic compounds (VOCSs) are emitted [39]. These pollutants lead to serious chronic diseases in humans such as asthma,
lung cancer, ischemic heart disease and early death, which are proven by epidemiological studies [40]. On the other hand, nuclear,
solar and wind technologies release insignificant quantities of air pollutants into the atmosphere, which do not cause several
hundred thousand deaths a year due to air pollution [41].

4.2 Ecotoxicology and Direct Wildlife Mortality

Depending on the energy mode, the impacts on non-human species are very different [42]:

Bird and Bat Interactions: Wind turbines are dangerous to migrant birds and bats because of direct strikes to
the blades and barotrauma as a result of the sudden drops in pressure in the areas of moving rotor tips [43].
Lake effect LST and large scale solar PV projects may be confused with reflective arrays of solar panels in
water, resulting in the trauma of impact on birds and scorching burns of their thermal radiation [44].

Aquatic Ecosystem Stress: Fossil and nuclear power facilities use once-through or wet cooling towers,
recapitulating huge amounts of surface water [45]. The result of this process is the entrapment and crushing
of juvenile fish, larvae and planktonic organisms [46]. Thus, thermal discharge also affects the temperature
of local water bodies leading to a thermal shock, low levels of dissolved oxygen and local fish kills [47].
Land Degradation and Ecotoxicity: Mining activities and hydraulic fracturing of coal lead to extreme habitat
fragmentation, soil erosion and acid mine drainage which seeps heavy metals in the immediate watersheds
[48]. The PV manufacturing process results in toxic wastes (e.g. silicon tetrachloride, lead solder) that harm
freshwater ecosystem when not properly managed [49].

5. Technical and Policy Limitations

A high content of variable renewables (wind and solar) makes power systems unstable as it has no physical rotational inertia,
causing the power systems to change frequency quickly (df/dt) when the weather changes suddenly [50]. In the absence of utility-
scale battery energy storage systems (BESS) and pumped hydro storage, excess generation by renewables will have to be curtailed
(cut off) by the grid operators [51].
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5.2 Material and Supply Chain Constraints

The shift to low-carbon technologies will lead to more demand on the critical energy transition minerals, such as lithium, cobalt,
nickel, neodymium, dysprosium, and copper [52]. The mineral refining would be highly vulnerable to geopolitics and supply chain
due to the geographical concentration of the supply chain [53].

5.3 Nuclear Proliferation and Long-Term Waste Management

Unlike other renewable energy sources, nuclear energy continues to be limited by geopolitical issues of dual-use technologies to
enrich uranium and re-process plutonium [54]. Moreover, deep geological repositories (e.g. the Onkalo repository in Finland) are
still rare around the world, so political delays in high-level radioactive waste management are created [55].

6. Proposed Future Research Vectors

In order to overcome these technical and environmental issues, future studies need to be directed at:

1. Next-Generation Nuclear Reactors: Small Modular Reactors (SMRs): Commercialization, Generation IV high-
temperature gas reactors, and commercial nuclear fusion technologies will enhance safety and eliminate long-lived stream
of waste [56].

2. Cutting-edge Solar Technologies: Extending perovskite-silicon tandem cells to exceed the theoretical efficiency limits of
single-junctions (>30) and reducing the cost of materials to make these devices [57].

3. Circular Economy of Energy Materials: The development of closed-loop recycles of wind turbine composite blades and
solar PV modules to reuse the important metals and minimize industrial landfills [58].

4. Long-Duration Energy Storage (LDES): Exploring iron-air batteries, electrolysis of green hydrogen to power batteries,
and thermal storage to make 100% low-carbon dispatchable possible [59, 60].

7. Discussion and Conclusion

The selection of an optimal portfolio of electricity generation is a multi-criteria optimization problem of cost, dispatchability,
environmental and ecological safety. The fossil fuels provide dispatchable energy, but their external environmental cost which is
the carbon emission and health risks makes it unsustainable in the long term.

Wind and solar PV provide zero-cost and low-cost electricity generation, which is not greatly energy-dense and variable and
necessitates balancing assets (grids and other resources) and sophisticated storage facilities. Nuclear energy is a predictable, low-
carbon baseload energy that has a small land footprint, but expensive and difficult to regulate, which means it can only be deployed
at a slow pace.

A clean energy policy that is optimal must not be pegged on one energy source. Rather, it needs to exploit hybrid energy policy:
it should be powered by the use of wind and solar PV to generate cheap bulk energy, but with nuclear power and long-term storage
to ensure grid security, preserve biodiversity and reduce carbon emissions in the world.
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