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Life Cycle Analysis of Clean Energy Technologies

OBUKOHWO PIUS OBARORAKPO

Abstract- This article explores the life cycle environmental
impact of various clean energy technologies, analyzing
resource extraction, manufacturing, operation, and end-
of-life disposal. It compares these impacts with those of
fossil fuels and identifies areas for improvement in the
sustainability of clean energy across its life cycle. By
employing Life Cycle Analysis (LCA), the study highlights
the significant advantages of clean energy technologies
over fossil fuels in reducing greenhouse gas emissions, air
and water pollution, and long-term environmental
damage. Also, the analysis reveals critical areas where
ecological performance can be enhanced, such as
sustainable mining practices, green manufacturing,
advanced recycling technologies, and efficient energy
storage. The findings emphasize the necessity for
continuous technological advancements and policy
support to maximize the environmental benefits of clean
energy and ensure a sustainable transition from fossil
fuels.

l. INTRODUCTION

As climate change accelerates and natural resources
deplete alarmingly, the transition to sustainable energy
sources is imperative. Fossil fuels' adverse
environmental effects, including greenhouse gas
emissions, air pollution, and habitat destruction, are
the most important reasons for cleaner alternatives.
According to the Intergovernmental Panel on Climate
Change (IPCC), global temperatures will rise by 1.5°C
above pre-industrial levels by 2030 if current emission
trends continue, resulting in severe climate impacts
worldwide (IPCC, 2021).

The impacts of climate change are already felt in the
United States, with the increasing frequency and
intensity of extreme weather events such as
hurricanes, wildfires, and heat waves.

The 2020 Atlantic hurricane season was the most
active on record, with 30 named storms, 13 hurricanes,
and six major hurricanes. This included Hurricanes
Laura, Delta, and Zeta, which caused significant
damage and flooding across the Gulf Coast and
Southeast. 2020 was a stark reminder of climate
change's impact on the United States. According to
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research by Yale Climate Connections, the nation
witnessed an unprecedented 12 landfalls by named
storms, shattering the previous record of nine set in
1916. This hyperactive season wasn't just about
quantity — it also saw six hurricanes make landfall,
tying 2020 with 1886 and 1985 for the most U.S.
hurricane landfalls on record. The threat of these
storms extended far beyond immediate landfall, with
every single mile of the mainland U.S. Atlantic coast,
from Texas to Maine, placed under a tropical cyclone
watch or warning at some point during the year. These
storms inflicted devastating costs, exceeding $37
billion in damages.

Additionally, the frequency and intensity of heatwaves
are increasing across the country. In 2021, the Pacific
Northwest experienced a record-breaking heatwave,
with temperatures exceeding 115°F (46°C) in some
areas. This heatwave caused hundreds of deaths and
widespread infrastructure damage. The U.S.
Environmental Protection Agency (EPA) highlights
that these changes pose significant risks to public
health, infrastructure, and the economy (EPA, 2020).
As aresult, there is an urgent need to transition to clean
energy technologies to lessen these impacts.

Clean energy technologies such as solar, wind, and
hydropower offer a promising path toward reducing
our carbon footprint and alleviating the impacts of
global warming. The International Energy Agency
(IEA) states that to achieve net-zero emissions by
2050, the share of renewables in global electricity
generation must increase from 29% in 2020 to nearly
90% by 2050 (IEA, 2021). In the U.S., renewable
energy accounted for about 20% of electricity
generation in 2020, and this share will increase
significantly in the coming decades (U.S. Energy
Information Administration, 2021). An important
concept to note when assessing the sustainability of
these technologies is life cycle analysis (LCA). LCA
is a comprehensive method used to evaluate the
environmental impacts of a product, process, or
service throughout its entire life cycle—from raw
material ~ extraction  through  manufacturing,
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distribution, use, and disposal. By considering every
stage of a technology's life span, LCA provides a
holistic view of its environmental footprint by
providing unique means to identify the actual benefits
and potential drawbacks of clean energy technologies,
ensuring that their adoption contributes positively to
environmental sustainability. Adopting clean energy
technologies is essential for combating climate change
and conserving natural resources. Employing life
cycle analysis strategies and evaluating these
technologies ensures a comprehensive understanding
of their environmental impacts and guides the
transition towards a sustainable energy future in the
United States.

Raw Material
Extraction

Récycling

pisposa . Il Disposal

Stages in Life Cycle Analysis (LCA)
Source: Researchgate

1. LIFE CYCLE STAGES OF CLEAN
ENERGY TECHNOLOGIES

Life Cycle Analysis (LCA) evaluates the
environmental impact of energy technologies by
examining their entire life cycle. The critical stages of
LCA include resource extraction, manufacturing,
operation, and end-of-life disposal. Each stage has
unigue environmental considerations; understanding
these is important for assessing the sustainability of
various clean energy options.

Resource Extraction Stage

Resource extraction is the initial stage in the life cycle
of clean energy technologies. It involves obtaining the
raw materials required for manufacturing components
such as solar panels, wind turbines, geothermal
systems, and hydropower facilities.
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Solar Energy: Extracting materials like silicon, silver,
and rare earth elements is essential for producing
photovoltaic (PV) cells. Mining these materials can
lead to habitat destruction, soil erosion, and water
contamination. In 2020, the U.S. produced
approximately 400,000 metric tons of silicon, mainly
from mines in Nevada and Washington, and in 2021,
the U.S. produced approximately 1,000 metric tons of
silver (USGS 2021). According to the U.S.
Department of Energy (DOE), the extraction and
processing of silicon for PV cells is particularly
energy-intensive and can produce substantial carbon
emissions (DOE, 2021).

Wind Energy: The production of wind turbines
requires large amounts of steel, copper, and rare earth
elements. Mining these materials has significant
environmental impacts, including air and water
pollution. An example is the extraction of neodymium
and dysprosium, critical for high-strength magnets in
wind turbines, which has been associated with
environmental degradation in China (IRENA, 2021).

Geothermal Energy: Developing geothermal plants
involves drilling into the Earth's crust, which can cause
land subsidence and release hazardous gases such as
hydrogen sulfide. The depth of geothermal wells in the
U.S. can range from 1,000 to 4,000 meters, depending
on the geothermal gradient and resource location.
These wells can constitute up to 50% of the total
project costs, influenced by depth, rock hardness, and
technology (NREL, 2022).

Hydropower: Constructing hydropower plants often
necessitates the extraction of materials for dam
construction, leading to habitat disruption and
significant changes in local ecosystems. The World
Bank has highlighted the ecological consequences of
large-scale dam projects, including biodiversity loss
and water quality degradation (World Bank, 2021).

Manufacturing Stage
The manufacturing stage involves processing raw
materials into components and assembling them into
final products. This stage often requires considerable
energy and resources.

Solar Energy: Manufacturing PV cells is energy-
intensive and produces hazardous waste, including
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heavy metals and chemical solvents. Producing thin-
film solar cells involves toxic substances like
cadmium telluride. The EPA reports that significant
energy is consumed in producing crystalline silicon
wafers, the primary component of most solar panels
(EPA, 2020).

Wind Energy: The production of wind turbines,
particularly the blades, requires large quantities of
energy and materials, including fiberglass and resins.
This process can result in significant emissions of
greenhouse gases and volatile organic compounds
(VOCs). The Global Wind Energy Council (GWEC)
notes that manufacturing a single wind turbine blade
can require up to 9 tons of epoxy resin, contributing to
substantial environmental impacts (GWEC, 2021).

Geothermal Energy: The construction of geothermal
plants involves significant material usage, including
cement and steel, contributing to carbon emissions
during production. The energy-intensive nature of
drilling operations also adds to the overall
environmental footprint (NREL, 2022).

Hydropower: Manufacturing dam components and
turbines require substantial energy and resources,
leading to emissions and other environmental impacts
associated with industrial processes. Hydropower
plant construction can also lead to significant
emissions from the concrete and steel used (IEA,
2021).

Operation Stage

Clean energy technologies generate power at the
operation stage, often with minimal direct emissions.
However, environmental considerations must also be
considered.

Solar Energy: PV systems produce electricity without
emissions during operation. However, land use for
large solar farms can impact local ecosystems and
wildlife. According to the National Renewable Energy
Laboratory (NREL), solar farms in the U.S. can
require between 3 and 5 acres per megawatt of
installed capacity, potentially disrupting local flora
and fauna (NREL, 2022).

Wind Energy: Wind turbines generate electricity with
no direct emissions, but they can affect bird and bat
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populations and cause noise pollution. The U.S. Fish
and Wildlife Service has documented that wind
turbines cause approximately 234,000 bird deaths
annually in the U.S., highlighting the need for careful
siting and mitigation strategies (USFWS, 2021).

Geothermal Energy: Geothermal plants produce low
emissions but can release small amounts of
greenhouse gases such as carbon dioxide and methane
from underground reservoirs. The EPA estimates that
geothermal plants emit about 5% of the CO, per
kilowatt-hour compared to fossil fuel plants (EPA,
2020).

Hydropower: While hydropower is a clean energy
source, it can significantly impact river ecosystems,
affecting fish populations and water quality. The EPA
notes that hydropower reservoirs can emit methane, a
potent greenhouse gas, due to the decomposition of
organic material in submerged areas (EPA, 2020).

End-of-Life Disposal Stage

The end-of-life disposal stage involves managing the
waste and recycling materials from decommissioned
energy systems. This stage is critical for minimizing
long-term environmental impacts.

Solar Energy: Decommissioned PV panels can
generate electronic waste, including toxic substances
like lead and cadmium. Recycling programs are
essential to recover valuable materials and prevent
environmental contamination. According to a report
by the International Renewable Energy Agency
(IRENA), the global PV waste stream could reach up
to 78 million tons by 2050 without proper recycling
measures (IRENA, 2021).

Wind Energy: Due to their composite materials, wind
turbine blades are challenging to recycle. Research is
ongoing to develop more sustainable disposal
methods, such as repurposing blades for construction
materials. The European Environment Agency (EEA)
has listed innovative recycling techniques, including
thermal and chemical processes, to break down
composite materials into reusable components (EEA,
2020).

Geothermal Energy: Geothermal plants have long
lifespans, but decommissioning involves managing
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drilling waste and potentially hazardous materials.
Proper disposal and site reclamation practices are
crucial to minimize environmental impacts (NREL,
2022).

Hydropower: Decommissioning dams can restore
river ecosystems, but careful planning is required to
manage sediment release and structural materials. The
World Bank emphasizes the importance of detailed
environmental impact assessments to guide the
decommissioning process and ensure ecosystem
restoration (World Bank, 2021).

1. ENVIRONMENTAL IMPACT EXAMPLES

Water Usage: Geothermal and hydropower plants
require significant amounts of water. Solar and wind
energy use less water during operation but may be
used in manufacturing processes. According to the
U.S. Geological Survey, hydropower accounted for
about 38% of all fresh surface-water withdrawals in
the U.S. in 2015, highlighting its significant water
footprint (USGS, 2015).

Air  Pollution:  Manufacturing clean  energy
technologies can emit pollutants, including VOCs and
greenhouse gases. However, their operation phase
typically has negligible air pollution. The EPA reports
that transitioning to renewable energy sources could
reduce air pollution-related health costs by $100
billion annually by 2030 (EPA, 2020).

Land Use Change: Large-scale solar and wind farms
can alter land use patterns, affecting habitats and
ecosystems. Hydropower projects often cause
substantial land use changes, affecting aquatic and
terrestrial environments. The Land Degradation
Neutrality Fund notes that sustainable land
management practices are essential to balance
renewable energy expansion with ecosystem
preservation (UNEP, 2021).

IV. LIFE CYCLE COMPARISON WITH
FOSSIL FUELS

Comparing the life cycle stages of clean energy
technologies with fossil fuels gives insightful tips into
the significant environmental advantages of renewable
energy sources. This comparison can comprehensively
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understand different energy technologies'
sustainability and environmental impacts.

Resource Extraction

Clean Energy Technologies: The extraction of
materials for clean energy technologies, such as
silicon for solar panels, rare earth elements for wind
turbines, and geothermal fluids, has environmental
impacts, including habitat destruction, soil erosion,
and water contamination (NREL, 2022). However,
these impacts are typically lower in scale compared to
fossil fuels.

Fossil Fuels: The extraction of fossil fuels involves
drilling, mining, and hydraulic fracturing, which have
extensive environmental consequences. These
activities destroy habitat, land disturbance, water
contamination, and methane emissions. Coal mining
and oil extraction processes can cause severe air and
water pollution and oil spills, devastatingly affecting
marine ecosystems (EPA, 2020).

Manufacturing

Clean Energy Technologies: Manufacturing processes
for clean energy technologies such as solar PV cells
and wind turbine components require significant
energy and resources, leading to emissions and waste
production. Advancements in technology are
continually improving efficiency and reducing
environmental impacts (DOE, 2021).

Fossil Fuels: The manufacturing processes in fossil
fuel industries involve refining crude oil and
processing natural gas and coal. These processes emit
large quantities of greenhouse gases, including CO;
and methane, by producing hazardous waste.
Refineries and chemical plants are also significant
sources of air pollution, emitting pollutants like sulfur
dioxide (SO2) and nitrogen oxides (NOXx) (EIA, 2021).

Operation

Clean Energy Technologies: The operation of clean
energy technologies generally results in limited direct
emissions. Solar panels and wind turbines generate
electricity without emitting greenhouse gases.
Geothermal plants and hydropower facilities have low
operational emissions, although they may have some
localized environmental impacts, such as water usage
and ecosystem disruption (NREL, 2022).
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Fossil Fuels: The operation of fossil fuel power plants
is associated with high emissions of CO,, methane,
and other pollutants. Burning coal, oil, and natural gas
for electricity generation releases large amounts of
greenhouse gases, contributing significantly to global
warming and air quality issues. Fossil fuel combustion
also produces sulfur dioxide, nitrogen oxides, and
particulate matter, leading to smog and acid rain (EPA,
2020).

End-of-Life Disposal

Clean Energy Technologies: End-of-life disposal of
clean energy technologies involves managing
electronic waste and recycling materials. Solar panels,
wind turbines, and batteries need proper recycling
programs to recover valuable materials and minimize
environmental contamination. Research is ongoing to
improve recycling techniques and make disposal
processes more sustainable (IRENA, 2021).

Fossil Fuels: Fossil fuel infrastructure, such as oil rigs,
pipelines, and coal mines, requires decommissioning
and remediation. This process involves managing
hazardous materials and restoring affected landscapes.
Abandoned oil and gas wells can leak methane, a
potent greenhouse gas, if not properly sealed (EPA,
2020).

V. ENVIRONMENTAL IMPACT EXAMPLES

Greenhouse Gas Emissions: The LCA of clean energy
technologies typically results in much lower
greenhouse gas emissions than fossil fuels. For
example, the lifecycle emissions of solar PV systems
are estimated to be around 20-50g CO2-eq/kWh, while
coal-fired power plants emit approximately 820-1050
g CO2-eq/kWh (IPCC, 2021).

Air and Water Pollution: Fossil fuel extraction and
combustion are significant sources of air and water
pollution. Coal mining, oil drilling, and natural gas
extraction can contaminate water supplies with heavy
metals and toxic chemicals. In contrast, clean energy
technologies have significantly lower impacts on air
and water quality during operation (EPA, 2020).

Land Use and Ecosystem Impacts: Both clean energy

and fossil fuel technologies impact land use, but the
nature and extent of these impacts differ. Large-scale
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solar and wind farms can alter land use patterns and
affect local ecosystems. Fossil fuel extraction and
infrastructure development often result in more severe
and long-lasting damage to landscapes and
ecosystems, including deforestation, soil degradation,
and habitat loss (World Bank, 2021).

VI.  AREAS FOR IMPROVEMENT IN CLEAN
ENERGY SUSTAINABILITY

While clean energy technologies present significant
advantages over fossil fuels regarding environmental
impact, several areas within their life cycles remain
where performance can be improved. Identifying these
key areas and implementing solutions can further
minimize their ecological footprint.

Resource Extraction

Reduction of Mining Impacts: Extracting raw
materials for clean energy technologies, such as
silicon, rare earth elements, and lithium, can cause
environmental degradation and pollution.

Water Usage and Contamination: Mining activities
often require large amounts of water and can
contaminate local water resources. Implementing
stricter environmental regulations and promoting
sustainable mining practices can reduce the ecological
footprint of resource extraction. Precision mining can
minimize land disturbance and waste production
(UNEP, 2021).

Recycling and Urban Mining: Developing efficient
recycling processes to recover valuable materials from
end-of-life products can reduce the demand for virgin
materials. Urban mining, which involves extracting
metals from electronic waste, can also help alleviate
the environmental impacts of traditional mining
(IRENA, 2021).

Manufacturing

Avreas for Improvement:

Energy-Intensive Processes: Manufacturing
components for clean energy technologies such as PV
cells and wind turbines is often energy-intensive and
can produce significant emissions.
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Hazardous Materials: Using toxic chemicals and
hazardous materials in  manufacturing poses
environmental and health risks.

Potential Solutions:

Green Manufacturing: Adopting green manufacturing
techniques, such as using renewable energy in
production processes and optimizing energy
efficiency, can reduce manufacturing's carbon
footprint (DOE, 2021).

Substitute Materials: Researching and developing
alternative materials that are less harmful to the
environment and easier to recycle can improve the
sustainability of clean energy technologies. An
example is perovskite solar cells, which offer a
promising alternative to traditional silicon cells due to
their lower material and energy requirements (NREL,
2022).

Operation

Areas for Improvement:

Land Use and Ecosystem Impact: The large-scale
deployment of clean energy systems, particularly solar
and wind farms, can impact local ecosystems and land
use patterns.

Intermittency and Grid Integration: The intermittent
nature of some renewable energy sources, such as
solar and wind, poses challenges to grid stability and
reliability.

Potential Solutions:

Thoughtful Siting and Design: Careful siting and
design of renewable energy projects can minimize
land use impacts and protect biodiversity. An example
is agro-voltaic systems, combining agriculture and
solar energy production to optimize land use and
enhance ecosystem services (GWEC, 2021).

Energy Storage and Grid Management: Advanced
energy storage solutions, such as lithium-ion batteries
and pumped hydro storage, can address intermittency
issues and improve grid integration of renewable
energy. Innovative technologies can enhance grid
management and efficiency (IEA, 2021).

End-of-Life Disposal
Areas for Improvement:

IRE 1705969

Electronic Waste Management: Disposing of end-of-
life clean energy technologies, such as PV panels and
wind turbine blades, generates significant amounts of
electronic waste.

Recycling Challenges: Recycling clean energy
components is complex and costly, particularly for
composite materials and hazardous substances.

Potential Solutions:

Comprehensive Recycling Programs: Establishing
highly developed recycling programs and facilities for
clean energy technologies can recover valuable
materials and reduce environmental contamination.
Policies and incentives to promote recycling and
extended producer responsibility (EPR) can also drive
improvements in waste management (EPA, 2020).

Innovative Recycling Technologies: Advancements in
recycling technologies, such as chemical recycling for
composite materials and closed-loop recycling
processes, can enhance the efficiency and
effectiveness of recycling operations. An example is
the latest research into new methods for recycling
wind turbine blades, including pyrolysis and
solvolysis, to break down composite materials into
reusable components (EEA, 2020).

VII.  DISCUSSIONS

Compared to fossil fuel, clean energy technologies’
life cycle environmental performance reveals
significant sustainability benefits and opportunities.
Clean energy technologies such as solar, wind,
geothermal, and hydro offer substantial reductions in
greenhouse gas emissions, air and water pollution, and
long-term environmental impacts. This advantage is
evident across various life cycle stages, including
resource extraction, manufacturing, operation, and
end-of-life disposal.

VIIl. KEY FINDINGS

Resource Extraction: Clean energy technologies
generally have lower environmental impacts during
resource extraction compared to fossil fuels.
Sustainable mining practices and advancements in
recycling can further reduce these impacts.
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Manufacturing: While manufacturing clean energy
components is energy-intensive, green manufacturing
techniques and alternative materials improve
environmental performance.

Operation: Clean energy technologies operate with
minimal emissions and lower environmental impacts
than fossil fuel power plants, which are significant
sources of greenhouse gases and pollutants.

End-of-Life Disposal: Recycling and disposing of
clean energy technologies present challenges, but
innovative recycling technologies and comprehensive
programs can mitigate environmental risks.

IX. OVERALL ADVANTAGE OF CLEAN
ENERGY

Clean Energy significantly reduces global greenhouse
gas emissions and climate change. The lower air and
water pollution associated with clean energy
operations improves public health and environmental
quality.

Continuous Improvement Needs

Despite acknowledging the advantages of clean
energy, it is crucial to recognize areas for
improvement:

Resource Efficiency: Enhancing the efficiency of
material use and recycling can reduce the demand for
raw materials and the associated environmental
impacts.

Technological Advancements: Continued research
and development in manufacturing processes and
materials can lower clean energy technologies’ energy
and resource intensity.

Sustainable Practices: Adopting and promoting
sustainable practices in mining, manufacturing, and
disposal can further minimize the environmental
footprint of clean energy.

X. ROLE OF LIFE CYCLE ANALYSIS (LCA)
Life Cycle Analysis (LCA) is one of the essential tools

for guiding future development and policy decisions in
the clean energy sector. It provides a comprehensive
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assessment of environmental impacts across the entire
life cycle of energy technologies LCA, helps identify
critical areas for improvement, and informs on the
development of sustainable practices.

Policymakers and industry leaders can use LCA
insights to:

Optimize Resource Use: Develop policies and
incentives that promote resource efficiency and
recycling.

Promote Sustainable Manufacturing: Encourage the
adoption of green manufacturing techniques and the
use of alternative materials.

Enhance End-of-Life Management: Implement
comprehensive recycling programs and support
innovative disposal technologies.
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