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Abstract: Energy resources are critical drivers of economic development and societal progress,
but their extraction, conversion, and use have profoundly impacted ecological systems and the
environment. Therefore, it is essential to explore the relationships between energy resources
and the environment throughout history. This paper examines the causal relationships between
energy resource utilization and environmental changes, addressing both renewable and non-
renewable energy sources. We analyze the environmental consequences of energy extraction
and consumption, including pollution, habitat destruction, and climate change, and evaluate
sustainable approaches to mitigate these effects. Fossil fuels have been the primary source of
energy and are major contributors to greenhouse gas emissions, air and water pollution, and
habitat destruction, all of which exacerbate global climate change. On the other hand,
renewable energy sources such as wind, solar, and hydroelectric power are considered more
sustainable. However, they also have environmental impacts, such as habitat disruption and
high resource consumption. Researchers argue that trade-offs must be managed between
increasing energy use, facilitated by technological advancements, and achieving sustainability.
Energy generation and ecological goals should not be viewed as opposing or irreconcilable.
With the implementation of appropriate policies, measures, and guidelines, energy production
can be aligned with efforts to mitigate climate change and promote sustainability.

Keywords: energy resources; environmental impact; climate change; sustainability; renewable
energy

1. Introduction

Energy is a key element in achieving economic growth and development in any
society. However, energy resources are more than just enablers of development, as
their collection, transformation, and use significantly impact ecological systems and
the environment at large. Therefore, it can be said that energy resources and their use
have the potential to cause environmental consequences. Since the Industrial
Revolution, fossil fuels—including coal, oil, and natural gas—have been the dominant
sources of energy and key drivers of industrialization and urbanization. Nonetheless,
their extraction and use emit large amounts of greenhouse gases, such as carbon
dioxide (CO3) and methane (CH4), which contribute to global warming and climate
change [1]. The detrimental use of fossil fuels contributes to air, water, and land
pollution, as well as habitat destruction and species extinction [2]. More effective and
environmentally friendly alternatives to fossil fuels include solar, wind, and
hydroelectric energy sources. The use of renewable energy provides benefits such as
reduced greenhouse gas emissions and the preservation of biodiversity. However, it is
important to note that renewable energy technologies also have their own
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environmental impacts. For example, the construction of wind turbine farms can
negatively affect bird and bat populations [3] or hydroelectric dams, while providing
renewable energy can adversely affect aquatic ecosystems [4].

Nuclear energy generates power with minimal greenhouse gas emissions, making
it a low-carbon alternative to fossil fuels. However, it poses significant challenges,
including the management of radioactive waste and the risk of catastrophic accidents,
as demonstrated by events like Chernobyl and Fukushima [5]. The long-term
management of radioactive waste and the high expense of nuclear safety measures
continue to be serious concerns [6]. Global energy demand is projected to increase by
over 50% in the next 20 years [7], making it imperative to consider the environmental
implications. Sustainable energy practices must be developed to meet energy needs
without compromising the environment.

This review paper aims to analyze the environmental impacts of energy resource
utilization, considering both renewable and non-renewable energy sources. It
examines energy use and its ecological effects to identify strategies that can mitigate
negative impacts and promote ecological sustainability.

2. Literature review

Search platforms such as Google Scholar, Web of Science, and ScienceDirect
were utilized for the literature review. Many relevant papers identified during the
search were cited in this study due to their importance to the topic. The close
relationship between energy resources and the environment has been a central focus
of numerous research studies over the past few decades. With the increasing global
demand for energy, it is essential to understand the environmental implications of
various energy resources to develop sustainable and long-term solutions. This review
explores the ways in which energy resource consumption contributes to environmental
changes, with a particular focus on both renewable and non-renewable sources. It
discusses the environmental impacts of energy consumption and patterns of energy
use, aiming to identify strategies that minimize negative effects and promote
environmental sustainability.

2.1. Non-renewable energy resources and environmental impacts
2.1.1. Fossil fuels and environmental impact

For centuries, humanity has depended on fossil energy sources such as coal, oil,
and gas for primary energy production and industrial growth, owing to their abundance
and affordability. However, the excessive use of fossil fuels has caused significant
damage to ecosystems. Their combustion releases large quantities of greenhouse
gases, including CO, and CH4, which contribute to global warming and climate change
worldwide [1]. The long-term effects of climate change pose severe threats to
biodiversity, food security, and human health [8]. Another major drawback of relying
on fossil fuels is air pollution and its associated health impacts. Emissions such as
particulate matter (PM), sulfur dioxide (SO.), nitrogen oxides (NOy), and volatile
organic compounds (VOCs) are significant contributors to air pollution [9]. These
pollutants are harmful to human health, causing respiratory and cardiovascular
diseases [10] as seen in Figure 1. According to the Global Burden of Disease study,
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air pollution from fossil fuels accounts for millions of premature deaths annually [11].
Furthermore, large-scale extraction of fossil fuels destroys habitats and reduces
biodiversity, as vast areas of land are excavated for oil and gas drilling and mining
operations [12].
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Figure 1. Routes from burning fossil fuels to potential effects on children’s health and related losses in human capital

[13].

Some studies have documented that water resources are increasingly under threat
due to pollution caused by oil spills, coal mine drainage, and hydraulic fracturing
fluids (fracking), all of which are harmful to both humans and the environment as
shown in Table 1. Aquatic ecosystems are particularly vulnerable to these threats [14].
Additionally, the extraction of fossil fuels often results in significant land degradation
and biodiversity loss. Coal mining, especially through mountaintop removal, can
permanently alter landscapes and ecosystems [15]. Similarly, oil and gas drilling
disrupts natural environments, leading to habitat fragmentation and species loss [16].

For example, air pollution from fossil fuels accounts for millions of premature
deaths annually, with an estimated 8.7 million deaths globally linked to fossil fuel-
related air pollution (PM2.5) in 2018 [17]. Additionally, 74% of the greenhouse gas
(GHG) emissions in the United States in 2019 came from fossil fuels [18]. With global
CO; emissions reaching 36.8 billion metric tons in 2022, the primary cause of human-
induced climate change continues to be the burning of coal, oil, and natural gas for
energy production [19].

The usage of fossil fuels has a significant financial cost in addition to its negative
effects on the environment. Fossil fuel-related air pollution is predicted to cost the
world $2.9 trillion a year, or 3.3% of Gross Domestic Product (GDP), in lost
productivity and medical costs [20].

Comparisons of energy efficiency also draw attention to the drawbacks of fossil
fuels. For example, combined-cycle natural gas plants can achieve efficiencies of over
60%, but coal-fired power plants only operate at 33%—40% efficiency [21]. However,
in terms of sustainability and efficiency, renewable energy sources like solar and wind
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perform better than fossil fuels. While solar photovoltaic (PV) efficiency has increased
to about 20%—-25%, modern wind turbines have a capacity factor of 35%—50%, with
offshore installations reaching even greater levels [22,23].

There are major financial advantages to switching to renewable energy as well.
In 2021, the renewable energy industry employed 12.7 million people globally, and
forecasts suggest that number will continue to rise as clean energy investments
increase [24,25]. Additionally, the levelized cost of electricity (LCOE) for solar PV
has decreased by 89% and for onshore wind by 70% since 2010, indicating a
significant drop in the cost of renewable energy over the last ten years [26,27]. In
comparison, the worldwide cost of fossil fuel subsidies, including explicit subsidies,
health care expenses, and environmental harm, was $7 trillion in 2022 [28].

Table 1. Environmental and ecological impact of fossil fuels.

Impact Type

Greenhouse Gases

Air Pollution

Water Pollution

Land Degradation

Ocean Acidification

Ecosystem disruption and
Biodiversity Loss

Resource Depletion

Description Data/ Statistic References
CO:2 and CHa emissions contribute to global  Fossil fuels accounted for 74% of U.S. GHG [29]
warming and climate change. emissions in 2019

Release of SO2, NOx, PM, and other Air pollution from fossil fuels is linked to millions of [30]
pollutants. premature deaths annually

Contamination from oil spills and fracking ~ Fracking wells use 1.5-16 million gallons of water, [14]
fluids potentially contaminating groundwater

Habitat destruction and soil erosion from Coal mining leads to acid mine drainage, impacting [15]
mining and drilling activities aquatic ecosystems

CO:2 absorption by oceans changes their Ocean acidity has increased by 30% over the last [31]
chemistry, harming marine life. 150 years

Habitat destruction leads to loss of species  Significant biodiversity loss due to habitat [32]
and ecosystems fragmentation and pollution

Finite nature of fossil fuels necessitates Fossil fuels are non-renewable and contribute to [33]
sustainable alternatives. resource depletion

2.1.2. Nuclear energy and environmental risks

Nuclear energy is one of the few resources that does not emit carbon dioxide
when used to produce electricity, making it an alternative to fossil fuels. However,
nuclear energy also has its disadvantages, particularly concerning environmental and
safety issues. One of the major challenges is the disposal of radioactive waste, which
remains hazardous for thousands of years to ecosystems and human health [34]. The
United States alone produces over 2000 metric tons of nuclear waste annually, and as
of 2020, more than 80,000 metric tons of spent nuclear fuel had accumulated in
temporary storage at sites like the Yucca Mountain repository [35]. The disposal of
this waste has been a contentious issue, with limited progress in developing permanent
repositories.

The risk of severe accidents, such as the Chernobyl disaster in 1986 and the
Fukushima Daiichi plant incident in 2011, highlights the dangers of nuclear power
[36]. These accidents resulted in significant ecological and human consequences,
including radioactivity and the contamination of surface and groundwater sources
[37]. Moreover, the high costs of constructing and operating nuclear power plants,
coupled with stringent safety regulations, present economic challenges [38]. Public
concern about the safety and environmental impacts of nuclear power has led to
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resistance against new nuclear plants in many countries. A survey conducted by the
Pew Research Center in 2019 found that only 49% of Americans supported the use of
nuclear energy, compared to 78% support for solar power and 71% for wind power
[39].The long-term management of nuclear energy requires robust safety protocols,
efficient waste management systems, and public acceptance.

2.2. Renewable energy and environmental challenges

Renewable energy sources, such as solar, wind, and hydroelectric power, have
emerged as potential substitutes for fossil fuels. These sources generate energy without
emitting greenhouse gases during operation, thereby reducing the overall carbon
footprint [40,41]. However, renewable energy technologies also present
environmental challenges. Only publications discussing the trade-offs or effects of
renewable energy types on the environment and nature conservation were considered
relevant.

Changes in land use and resource extraction for renewable energy development
can disturb the environment and are usually not sustainable. For instance, wind energy
farms have been linked to increased bird and bat deaths due to strikes with turbine
blades [42]. Likewise, extensive solar farms can change the cover of the land and
subsequently affect the local ecosystems by fragmenting habitats [43]. Even though
hydropower energy is more constant and reliable, it comes at the cost of altered water
flows, which via loss of biodiversity and the Riverine species, habitat damage, and
river degradation [44]. Increased energy production from renewable sources forces
and transforms their sources from forests, wetlands, and crop areas, resulting in a
reduced capability of renewable energy sources to sustain ecosystems. Also, the
studies have addressed that the construction of renewables will produce a lot of
biodiversity loss, and this has greatly concerned conservationists.

The types of impacts examined include air, soil, and water pollution, greenhouse
gas emissions, hydrological changes, landslides, soil erosion, deforestation, habitat
fragmentation, and biodiversity loss, as listed in Table 2. The most common renewable
energy sources in Tanzania—solar, wind, bioenergy, hydro, and geothermal—are the
primary focus of this article.

Table 2. Summary of effects of nature protection and the environment from renewable energy sources [40].

Type Air ) GHG Water o Lz}nd Soil ) Deforestation Biodiversity and Habitat
Pollution Releases Contamination Slide Pollution loss

Solar X X X X X ? ?

Wind ? X X X X X ?

Hydo v J J v J J

Bioenergy v v v X v v v

Geothermal X N N N Vv NI

V: Existing data and theoretical connections.
?: There is a theoretical connection but no supporting data in this field of study.
X: no proof was discovered.

Solar power is considered a low-emission energy source, but its long-term
environmental impact is significant. According to studies, the production of
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photovoltaic (PV) panels creates hazardous waste, including silicon tetrachloride as a
byproduct that leads to land and water pollution [45,46]. Large-scale solar arrays also
sometimes need significant changes in land use, which fragments habitat. In Arid
regions, the installation of solar farms has been shown to reduce natural plant cover
by 25% [47.,48]. Furthermore, because of its material-intensive components, high-
temperature plumbing (HTP) in concentrated solar power (CSP) facilities may result
in higher emissions [49]. In countries like India and China, where solar power
expansion is accelerating, there are growing concerns about waste management and
land degradation [50]. India’s ambitious solar farm projects in Rajasthan have been
criticized for disrupting fragile desert ecosystems [51,52]. Similarly, in China, the
rapid deployment of PV plants has led to increased concerns about silicon mining and
water usage, particularly in arid regions [48,53].

Wind power is one of the most ecologically harmless renewable energy
technologies in terms of carbon footprint, producing just 11 g CO»-equivalent per kWh
as opposed to coal’s 820 g CO,-equivalent per kWh [54,55]. However, wind turbines
have been linked to biodiversity concerns, particularly bird and bat mortality. A study
in the United States found that up to 500,000 bird fatalities per year can be attributed
to wind farms [56]. Furthermore, building wind turbines changes the morphology of
the ground and causes soil erosion, particularly in areas with unstable soil [43].
Changes in the behavior of nearby wildlife populations have also been linked to wind
farm noise pollution and electromagnetic disruptions [57]. Concerns over offshore
wind farms’ effects on marine ecosystems have been raised throughout Europe,
especially in Germany and Spain. Studies indicate that fish movement patterns and
bottom ecosystems are impacted by turbine foundations [58]. By including artificial
reef structures to offset habitat loss, the UK, on the other hand, has been at the forefront
of sustainable wind farm design [59-61].

Hydropower projects, despite providing a consistent electricity supply, are
coupled with considerable ecological impacts. It has been demonstrated that in some
river ecosystems, changes to upstream and downstream water flows can reduce fish
populations by as much as 60% [62,63]. For instance, the construction of the Belo
Monte dam in Brazil has been correlated with much lower fish diversity and
abundance [64]. Large-scale dam projects also contribute to deforestation, with the
Amazon region losing over 1 million hectares of forest owing to hydropower
expansion [65]. Furthermore, methane emissions from reservoirs might counteract the
climate benefits of hydropower; in certain tropical reservoirs, methane emissions can
reach 1000 mg/m?/day [66]. Countries such as Brazil and China have significantly
invested in large-scale hydropower. More than 1.3 million people have been displaced
by China’s Three Gorges Dam, the world’s largest hydropower project, which has also
caused extensive geological instability [67,68]. Scandinavian nations like Sweden and
Norway, on the other hand, have created small-scale run-of-river hydropower plants
that preserve energy production while minimizing environmental disruptions [69,70].

Bioenergy is frequently marketed as a sustainable alternative to fossil fuels,
although its environmental impact varies depending on the feedstock and land use.
The conversion of forests to bioenergy crops has caused a 20% decline in biodiversity
in some locations [71]. Furthermore, biomass energy production releases pollutants
such as nitrogen oxides and particulate matter, contributing to air quality degradation
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[72]. Life-cycle assessment research indicated that bioenergy combustion can produce
up to 70 g of CO»-equivalent per kWh, making its carbon savings largely dependent
on sustainable feedstock supply [73]. In the United States, the rise of corn-based
ethanol production has caused increasing nitrogen runoff into aquatic bodies,
contributing to dead zones in the Gulf of Mexico [74]. Similarly, in Southeast Asia,
palm oil biofuel plants have been directly related to deforestation, causing serious
habitat loss for endangered species such as orangutans in Indonesia and Malaysia [75].

It is important to note that while certain renewable energy technologies may have
negative impacts on biodiversity, others may have positive effects, as shown in Table
3.

Table 3. Biodiversity benefits of different renewable energy pathways.

Renewable pathway Biodiversity benefit References

Solar energy plants can provide habitat and feeding grounds, such as grazing, for specific animals.

Solar energy This includes photovoltaic panels installed on roofs and building facades [76]
Wind Ener Wind power projects may benefit terrestrial wildlife by reducing traffic, increasing food availability, [77]

9y and reducing predators
Hydropower Hydroelectric projects can provide new homes for some iconic species [78]
Bioenergy Bioenergy landscapes, such as miscanthus and switchgrass, may offer ecosystem services such as [79-82]

habitat and food, in contrast to intensive monoculture farming approaches

2.3. End-of-life of renewable energy systems

Driven by the worldwide movement toward greener energy sources, the fast
expansion of renewable energy infrastructure presents the management of the end-of-
life (EOL) disposal and recycling of components like wind turbines, solar panels, and
energy storage batteries as a difficulty. While these technologies offer lower carbon
emissions and a cleaner environment, disposal presents distinct issues. These issues
are exacerbated by the difficulty of recycling important minerals like lithium, rare
earth elements (REEs), and cadmium, which are essential to these systems. Addressing
these concerns is critical to ensure that renewable energy sources are actually
sustainable, without causing additional environmental problems as they age.

Wind turbines are crucial for renewable energy production, but their disposal and
recycling pose significant challenges. The blades, made from lightweight, durable
materials like fiberglass or carbon fiber, pose a significant challenge. The International
Renewable Energy Agency (IRENA) predicts a global waste of up to 50 million tons
of blades by 2050 [83]. Despite efforts, the scale of wind turbine waste continues to
grow. The average lifespan of a wind turbine is 20 to 25 years, after which blades need
to be replaced. As wind energy expands globally, efficient, cost-effective, and
environmentally friendly recycling solutions are needed.

Solar panels, composed of silicon, glass, aluminum, and sometimes cadmium and
lead, have a lifespan of 2530 years [84]. The recycling process is complex and costly
due to the presence of hazardous materials [85]. Less than 10% of solar panels are
recycled globally, attributed to difficulties in material separation, lack of proper
recycling infrastructure, and low economic incentives. The growing solar energy
market leads to a potential waste crisis in the future. The recycling process involves
disassembly, material separation, and recovery of valuable components. Recovery of
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rare materials like cadmium and indium is challenging, necessitating advanced
techniques like hydrometallurgical processes.

Rising global demand for energy storage solutions, especially lithium-ion
batteries (LIBs), is causing a growing challenge in battery disposal and recycling.
Lithium, cobalt, and nickel are critical minerals in LIBs, but their extraction can have
significant environmental and social impacts [86]. Currently, only 5% of batteries are
recycled, involving costly and energy-intensive processes. The shortage of recycled
lithium and other critical minerals has led to concerns about "mining" electronic waste,
e-waste, to recover valuable metals. With the growing demand for renewable energy
systems, recycling these critical materials becomes even more urgent.

2.4. Case studies illustrating the impacts of renewable and non-renewable
energy on ecology and environment

Coal mining and other non-renewable energy sources have been linked to
widespread habitat loss and pollution, which ultimately results in the extinction of
species, according to some case studies. For example, the loss of habitats vital to
species such as the eastern hellbender salamander (Cryptobranchus alleganiensis) due
to mountaintop removal mining in Appalachia, USA, has contributed to the fall in
biodiversity [87]. In a similar fashion, the Colombian Cerrejon coal mine has
drastically reduced habitat, putting species like the jaguar in jeopardy [88,89] and
negatively affecting indigenous populations. Due to habitat loss, species like the black-
throated finch (Poephila cincta) and bilby (Macrotis lagotis) are under danger from the
Adani Carmichael coal mine in Australia [90]. In Bulgaria, coal mining along the
Black Sea coast has also destroyed coastal ecosystems and eroded soil, which has an
impact on migratory bird species [91]. In the Kuzbass region of Russia, coal mining
has contaminated the air and water, harming aquatic life and local ecosystems [92].

However, renewable energy initiatives like solar and wind may also have an
impact on biodiversity, but frequently in different ways. Collisions with turbines in
wind farms, like those in the UK, have killed birds and bats [93]. In the North Sea,
offshore wind farms have an effect on marine ecosystems, despite the fact that certain
species benefit from the constructions [94]. There are worries regarding habitat
destruction when solar power plants are implemented in environmentally delicate
regions, such as the Amazon rainforest [95]. In order to reduce the effects of both
energy forms on biodiversity, these case studies emphasize the necessity of meticulous
planning and mitigation techniques. Additionally, research shows that in 2012, wind
turbines killed over 600,000 bats in the United States, with the Appalachian Mountains
seeing the highest fatality rate [96]. According to estimates, wind turbines cause the
loss of less than 0.4 birds every gigawatt-hour (GWh) of energy produced, while fossil
fuel power plants cause the loss of more than 5 birds per GWh [97].

3. Technological advancements and sustainable energy practices

To link energy generation with environmental preservation, technical advances
and regulatory adjustments are necessary. Smart grids, for example, can enhance
energy efficiency and reduce environmental impacts. Green product and service
innovation includes the development of new items, such as energy-efficient appliances
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and building designs [98]. Integrating energy storage solutions, such as batteries and
pumped hydro storage systems, can improve the reliability of renewable energy
sources by addressing intermittency issues [99]. Storage also allows excess energy
produced during high production periods to be stored and used when production is low
but demand is high. Research and development in the battery field, particularly in
lithium-ion and solid-state batteries, have improved their energy density, efficiency,
and lifespan, making their commercial use more feasible [100]. Research into carbon
capture and storage (CCS) technologies can prevent greenhouse gas emissions from
fossil fuel power plants. CCS involves capturing carbon dioxide emissions from fossil
fuels and transportation and storing the gas in geological formations. Over time, the
economic aspects of this technology have been refined, and the cost of CCS has
decreased significantly, making it a more feasible method for reducing carbon
emissions [101]. For example, the Petra Nova project in Texas, USA, has been
operational since 2017 and is among the largest CCS projects, successfully reducing
CO2 emissions from a coal-fired power plant [102].

In terms of policies related to renewable energy sources, the deployment of
measures such as carbon pricing, incentives for renewable energies, and emission
reduction targets has been identified as crucial in accelerating the transition to
sustainable energy systems [103]. Governments and international organizations need
to collaborate to design and implement policies that favor the adoption of clean energy
sources. For instance, the Green Deal outlines specific objectives, such as reducing
greenhouse gas emissions by 2030 and addressing the low share of renewables in the
energy supply [104]. Additionally, decentralized energy systems and smarter grids
play a significant role in transforming energy generation, transmission, and
consumption. Smart grids and decentralized energy systems detect areas with high
energy demand and send more electricity to those grids. Local generation within
microgrid systems, as well as distributed generation units, reduces reliance on larger-
scale power plants and enhances resiliency [105,106].

To meet the world’s energy needs economically, continuous innovation and
improvement of renewable energy technologies are essential. For example, the
development of perovskite solar cells could increase solar energy conversion
efficiency at a lower cost than current silicon cells [107]. Furthermore, increased
competition in the wind energy market is driven by advancements in wind turbine
technology and materials, which have improved energy capture and structural integrity
[108]. Technological advances, strategies, and innovative plans are supported by
countries through international collaborative initiatives. Setting low-carbon energy
policy targets, such as those outlined in the Paris Agreement, represents a global effort
to combat climate change [109]. By sharing accumulated knowledge, technologies,
and best practices, countries can overcome technical and financial challenges in
integrating clean energy solutions. Figure 2 below shows the advancements and
innovations in energy technologies that have significantly influenced resource
efficiency and ecological balance.
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Figure 2. Advancements and innovations in energy technologies.

4, Conclusion

The relationship between energy resources and the environment is complex, with
both renewable and non-renewable sources having significant ecological
consequences. While fossil fuels have long been the dominant energy source, their
extraction and combustion contribute to climate change, air and water pollution, and
biodiversity loss. The depletion of non-renewable resources also presents economic
and sustainability challenges, necessitating a transition toward cleaner energy
alternatives. Renewable energy sources, including solar, wind, hydro, and bioenergy,
offer solutions to reduce greenhouse gas emissions and mitigate climate change.
However, they are not without drawbacks. Wind farms impact bird and bat
populations, large-scale solar farms lead to habitat fragmentation, and hydropower
projects disrupt aquatic ecosystems. Therefore, an integrated approach is essential to
balance energy production with ecological preservation. Technological advancements,
such as smart grids, energy storage solutions, and carbon capture, are critical in
improving energy efficiency and reducing negative environmental impacts. Policy
measures, including carbon pricing and incentives for renewable energy adoption, can
accelerate the transition to sustainable energy systems. International collaboration and
investment in research and development will further enhance the viability of clean
energy solutions. To achieve a sustainable future, a holistic approach is required,
integrating renewable and low-carbon technologies while mitigating their
environmental risks. By prioritizing careful planning, impact assessments, and
technological innovations, energy production can align with ecological conservation.
This balance is vital to ensuring economic development while preserving biodiversity
and mitigating climate change.
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