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extensive emissions reduction and low-carbon resources deployment 
while aiming to provide affordable, reliable, and environmentally 
sustainable energy. The process of transitioning from traditional coal 
and gas generation to low-carbon or carbon-free generation has been 
colloquially labeled the “clean energy transition,” but what is clean 
energy, and how is it achieved? For many, the term clean energy 
can evoke images of renewable energy in the form of solar or wind 
generation. However, the changes occurring in the power system to 
facilitate the low- or no-carbon transition encompass much more 
than these two types of generation alone. Energy in this case refers 
to all technologies that will be deployed to meet decarbonization, 
the infrastructure needed for transmission and distribution, and 
all other aspects of the power system. The energy becomes “clean” 
when environmental impacts created by the system are avoided or 
mitigated in a way that balances the costs and benefits to support a 
healthy planet.

The power system includes not just the traditional aspects of genera-
tion, transmission, and distribution infrastructure and operators, 
but regulators and policymakers, customers, the environment, and 
society as a whole. All of these stakeholders must be involved in de-
carbonization to bring about the energy transition in a manner that 
enables affordable, reliable, and environmentally sustainable energy, 
while simultaneously prioritizing balanced distribution of the costs 
and benefits to natural systems.

The transition requires a holistic view of the opportunities and 
challenges, in addition to critically examining each facet, such that 

Research Question
How will the “clean energy transition”—that is, the process of 
transitioning from traditional coal and gas generation to low-carbon 
or carbon-free generation—address legacy environmental impacts, 
today’s environmental challenges, and advance society towards an 
environmentally just future?

Key Points
•	 Addressing ongoing environmental impacts of fossil fuel genera-

tion is a central aspect of global climate change discussions and 
may inform decision-making at the country, state, and company 
levels. However, it may not be feasible to immediately remove 
fossil fuels from the generation mix until firm, dispatchable low-
carbon resources can be deployed at scale.

•	 The use of existing financial cost-benefit analyses as primary 
policymaking and regulatory tools may not appropriately estimate 
the total costs and benefits of investments relating to clean energy, 
especially in regard to long-term environmental and human 
health impacts.

•	 Remediation of many legacy environmental damages has been 
largely successful, but there are remaining legacy impacts and 
emerging challenges as decarbonization accelerates to meet state, 
national, and international climate goals.

•	 The clean energy transition presents an opportunity to include 
affected communities and incorporate their input throughout all 
aspects of investment decision-making processes.

Context
Impacts on the environment due to “past and future greenhouse 
gas emissions are irreversible for centuries to millennia, especially 
changes in the ocean, ice sheets and global sea level” [117]. The re-
cent International Governmental Panel on Climate Change (IPCC) 
Working Group I (WG1) report released in August 2021 stated 
it is “unequivocal that human influence has warmed the atmo-
sphere, ocean and land,” [119] and that it is no longer a question of 
whether or not climate change will impact global society but rather 
the severity of those impacts.

To mitigate and potentially avoid the worst impacts of global 
climate change, the electric power industry is entering a period 
of unprecedented transformation to a decarbonized system. This 
transformation presents the pervasive challenge of how to achieve 
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the full scope of tangible and intangible benefits and impacts might 
be considered (Figure 1). As companies, states, and nations work to 
reduce their emissions, mindfulness of impacts on air, land, water, 
species, and people must be brought into the conversation.

Given the level of emerging global greenhouse gas (GHG) emissions 
reduction targets, along with state and federal policy changes, the 
clean energy transition will occur rapidly. However, there may be 
significant obstacles to achieving cost-benefit balance. GHG emis-
sions reductions are not the only avenue through which the power 
system has impacted the environment. The industry continues to 
address legacy environmental issues while mitigating environmental 
challenges with current and future operations.

One pervasive and far-reaching legacy of the era of fossil-fueled 
generation is the mindset that minimum compliance at the lowest 
cost is the preferred end point of identifying, evaluating, reme-
diating, and mitigating environmental impacts. When the only 
consideration is direct compliance for the lowest cost, evaluation of 
externalities beyond regulatory requirements is often ignored. While 
compliance with regulations is required and cost will always be a 
factor, considering the full impact of environmental concerns on 
human, natural, and economic systems could help mitigate or avoid 
similar impacts in the future. There are opportunities to create in-

centives, regulatory or otherwise, and to set precedents to encourage 
action in pursuit of a healthier planet [92, 95]. The inclusion of all 
lifecycle interactions of current and future technologies can provide 
an environmentally responsible foundation for clean energy.

EPRI’s role in the transition is to perform an independent assess-
ment of ways to potentially minimize negative impacts of energy 
generation, transmission, and distribution while maximizing 
beneficial aspects. EPRI will continue to assess the legacy impacts 
of the existing power system while also aiming to identify and 
mitigate potential future impacts. Understanding legacy issues and 
seeking out similar and new impacts that might occur during and 
after the transition may be the first step in addressing the challenges 
the energy sector is facing today with regard to new technologies, a 
changing policy and regulatory landscape, and the effects on envi-
ronmental systems.

Accelerating Solutions for Legacy Impacts
Introduction

Balancing the benefits, impacts, and costs of decarbonization 
underlies the foundation of the equitable transition. Environmental 
impacts to land and water related to utility operations areas are typi-
cally concentrated near power generation and delivery infrastructure 
and locations where fossil fuels are extracted, while impacts to air 
range from local to regional to global in nature. Decisions made 
by electric power companies, regulators, and policymakers would 
benefit from quantification and prioritization of environmental 
impact avoidance and mitigation. This is particularly relevant as 
fossil generation may be needed for years to come to provide electric 
system reliability. The solutions developed to address legacy impacts 
can be applied to mitigate and/or prevent similar impacts until all 
fossil assets have been retired.

Remediation

Legacy environmental impacts, or impacts that occurred before the 
promulgation of environmental regulation, have challenged the 
electric industry to identify new site investigation and remediation 
methods. One aspect of legacy remediation that can be applied to 
the energy transition is the use of risk evaluation to look for op-
portunities to improve both mitigation and remediation. EPRI has 
done extensive research in this area for impacts to soil, groundwater, 
air, species, and water [2, 6, 15, 34, 62, 63, 65, 89].

Figure 1. Clean Energy and Environmental Interactions for a Healthy 
Planet
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EPRI has worked to quantify the environmental risk of electric 
utility operations for several decades. Issues of particular concern in 
soil, water, and air have been addressed by EPRI research showing 
the actual versus perceived magnitude and location of risk. The risk 
of exposure from different media [2, 3, 5, 9, 16] related to power 
generation and delivery operations, in addition to the environ-
mental risk [11, 12, 13, 18, 34] have been quantified and allowed 
remediation to be targeted where risk was highest. EPRI has also 
performed research that improved methods for remediating legacy 
contaminants in soil and water [1, 4, 7, 8, 22].

Coal Combustion Products

One of the largest, and most costly, legacy issues for electric gen-
erating companies is coal combustion product management. The 
handling and disposal of coal ash in landfills and impoundments in 
the United States was inconsistently regulated at the state level prior 
to 2015, when the U.S. Environmental Protection Agency (EPA) 
propagated the Disposal of Coal Combustion Residuals from Electric 
Utilities regulation, commonly referred to as the “CCR Rule” [115]. 
The CCR Rule established a minimum federal standard for regula-
tion of coal ash additional to state regulations. Many CCR impound-
ments did not meet all aspects of the minimum standard, and as a 
result, are now closing, accelerating a transition from management in 
impoundments to landfill management that had begun in the 1990s. 
Research from EPRI over the past 40 years provides a foundation for 
understanding the current and future risks of these facilities vis-à-vis 
CCR Rule compliance efforts. EPRI research such as the relative im-
pact risk framework and Closure Option Assessment Tool (COAT) 
[22, 69] were developed specifically to assist companies with assess-
ing ash pond closure options. These tools may aid utilities in weigh-
ing factors such as the long-term groundwater benefits of removing 
the ash compared to the short-term impacts from transporting the 
ash, air pollution generated by removal projects, and the potential for 
traffic accidents during transportation (Figure 2).

Incorporating multiple short- and long-term factors into these 
frameworks may allow companies to identify solutions that provide 
the most benefits for the least impacts, rather than relying on a cost-
driven approach. EPRI is also investigating the potential to harvest 
and beneficially use coal ash and flue gas desulfurization gypsum 
[10, 32, 44, 70]. By finding beneficial uses for these products, the 
legacy impact may be reduced and eventually mitigated while po-
tentially reducing carbon emissions and impacts to other environ-
mental media from the materials they are replacing [51].

Land Use

Strategic Landholding Analysis (SLA) is another way EPRI is ac-
celerating potential solutions to legacy impacts. SLA provides a 
framework utilities may utilize to assess their lands and identify 
natural resource assets that can be protected or improved to support 
natural systems, corporate sustainability, and conservation goals 
[85], both for normal operations and for sites slated to undergo 
decommissioning. This will be particularly important as efforts con-
tinue to build for conservation of species most impacted by utility 
operations, and for facilities slated to decommission. Utilities own 
or lease thousands of miles of transmission corridors and additional 
acres of landholdings. While historically managed with the goal to 
prevent the growth of non-compatible woody species that can cause 
outages, these transmission rights-of-way (ROWs) are increasingly 
being managed to improve biodiversity by providing habitat for 
pollinators, bats, and shrubland birds. In addition, some of these 
ROWs are including public activities such as walking, biking, and 
wildlife viewing.

Air Quality

Air quality improvements measured to date have been driven largely 
by policy and regulation. At the federal level, the Clean Air Act 
(CAA) sets both emissions limits and ambient air quality standards 
[124]. States and localities may also develop their own air qual-
ity regulations and enforcement mechanisms, e.g., the California 
Clean Air Act (CCAA) [122], the South Coast Air Quality Manage-
ment District [127], and the North Carolina Ambient Air Quality 
Standards [126]. The success of these programs can be quantified, 

Figure 2. Relative Risk Framework Pathways [22]
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as emissions of particulate matter (PM2.5, PM10), sulfur dioxide 
(SO2), nitrogen oxides (NOX), volatile organic compounds (VOCs), 
carbon monoxide (CO), and lead (Pb) have been reduced, on ag-
gregate, by 78% since the CAA was passed in 1970 [118], leading to 
improved air quality [131]. These improvements have also amelio-
rated the environmental impacts of air emissions such as acid rain, 
nitrogen enrichment (e.g., eutrophication, or algae blooms in bodies 
of water with high nitrogen concentrations, due in part to nitrogen 
deposition), regional haze, and crop and forest damage [129]. As 
the energy sector pursues deep decarbonization, reduction of criteria 
and hazardous air pollutants can be considered to help maximize 
the air quality benefits of the future energy system. EPRI has been 
at the forefront of air quality research for decades, including recent 
research on air quality measurements, air toxics risk assessments, air 
modeling tool development, ecosystem impacts due to deposition, 
and human health effects [35, 39, 40, 52, 53, 54, 59, 61, 63, 68, 
75, 76, 77, 78, 80, 81, 83, 86, 90, 94, 97, 101, 103, 104, 105, 106, 
107, 108].

Addressing Today’s Challenges
Introduction

The environmental challenges facing the electric power sector today 
may be categorized into three major areas:

1.	Managing the continuing impacts of fossil generation during the 
transition

2.	Determining incentives to shorten the transition period to low-
carbon generation

3.	Remediating and mitigating existing and future damages

Companies and governments are searching for solutions to these 
challenges through new technologies and policy or regulatory 
frameworks. The transition presents new opportunities to embrace 
the wide range of new potential benefits of clean energy, as solutions 
developed today may provide a framework for a more strategic and 
planned transition that considers human, financial, and environ-
mental systems equally. Increased focus on environmental impacts 
of planning decisions may also carry into the future, as the change 
in generation assets and increase in transmission and distribution 
infrastructure provides numerous opportunities to capture and share 
both the costs and the benefits—monetary or otherwise—through-
out the interdependent systems that comprise our society and our 
planet.

The Role of Fossil Fuels in the Clean Energy Transit ion

Reliability and resilience are a priority of the entire power sector. 
Retiring firm and dispatchable generations resources such as coal 
and natural gas plants presents a challenge to a core tenet of energy, 
reliability. There are some ways in which renewable resources can 
be dispatchable [123]. However, renewable resources introduce 
high levels of variability into the system. The questions facing the 
industry are how to optimize reliability while undergoing efficient 
decarbonization, and what minimum fossil fuel capacity will be 
needed to maintain reliability during the transition. While fossil 
plants remain in operation, power generators may remain engaged 
in mitigating and minimizing the environmental impacts of these 
plants while working towards a future in which they will no longer 
serve as an energy source. There are pathways to remediating and 
mitigating existing damage today, and which may guide preventing 
additional damage in the future. Addressing environmental damage 
and continued greenhouse gas and air pollutant emissions reduc-
tion are expected to be primary aspects of private and public sector 
strategy going forward.

Fossil Fuel Environmental Challenges
Ecosystems

There are some current examples of ecosystem evaluations that have 
incorporated externalities beyond lowest cost compliance. One 
example is the voluntary preventive actions taken by utilities to slow 
or stop the declines in the populations of pollinator species, birds, 
and bats. Increasing the number of endangered species can impose 
additional operating costs and restrictions in areas where the species 
occur, while significantly impacting the natural ecosystems and food 
webs upon which humans depend [45, 62, 65, 96]. Taking steps 
prior to species being listed under the Endangered Species Act may 
add costs to operations but carries benefits that offset potential costs 
in the future.

Another example of incorporating externalities into ecosystem eval-
uations is the implementation guidance for §316(b) of the Clean 
Water Act that requires evaluation of the monetized, quantified, and 
qualitative social costs and social benefits of available entrainment 
controls, and rejection of any technology if the social costs are not 
justified by the social benefit [17, 19, 28, 31]. While the regulation 
is designed to protect aquatic ecosystems, it has been expanded to 
consider externalities beyond the waterbody under evaluation.
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Water

Water use for coal generation is increasingly challenged by the 
volume, quality, and temperature of available supplies and regula-
tory actions that seek to address these issues [24, 67]. EPRI has 
researched the costs and benefits associated with water use and 
provided frameworks that utilities may employ to evaluate and de-
crease their impact [20, 30, 33, 36, 43, 55, 66, 89] (Figure 3). This 
framework shows how the common good can be considered to iden-
tify a potential path forward that best balances costs and benefits. 
Wastewater discharges have also come under increasing regulatory 
scrutiny, with the result that updated regulations have affected the 
operations at coal-fired generation facilities. EPRI has worked with 
utilities to help identify and implement wastewater management 
and treatment strategies for these waters [14, 23, 26].

Plant Decommissioning

Decommissioning fossil fuel plants can lead to improved air quality 
that further leads to improvements in public health and regional 
haze, and decreased atmospheric deposition that affects plant and 
water systems [34, 41, 50]. Decommissioning also presents op-
portunities for redevelopment that may provide jobs, tax base, and 
environmental improvements in local areas [58, 113]. Properties 
slated for decommissioning provide a unique opportunity to rebuild 
or protect natural areas that exist near many thermal generating 

assets. Conservation of these natural areas can provide a benefit to 
the public, and may be utilized by companies as possible mitigation 
banks for future low-carbon transition projects. Decommissioning 
and its associated costs may be delayed by implementing available 
mitigative and preventive technologies that allow fossil plants to 
continue operating, such as carbon capture and storage (CCS).

Land Use

Transmission and distribution (T&D) of electricity also present 
opportunities to balance the benefits and costs of the clean energy 
transition while stacking land use benefits. Research performed dur-
ing the fossil fuel era has led to advances in siting, construction, and 
maintenance practices that are bringing the industry to a time when 
increased resilience [49] and benefit stacking [33, 84] are recognized 
as goals that are worth more than the base cost of implementation. 
Improvements in integrated vegetation management are increasing 
the use of native plant species that benefit ecosystems and restore 
and protect native habitat [29, 62, 72, 73, 74, 91]. ROWs in many 
urban areas are being transformed to provide natural area access for 
humans to interact with nature. Infrastructure design and construc-
tion continue to develop and incorporate species protection in ways 
that protect both the asset and avian and animal populations that 
interact with the assets [21, 56, 71]. T&D infrastructure is also be-
ginning to benefit from the use of drones and artificial intelligence, 
which, when combined, may identify hazards before they are visible 
to human inspectors [57, 82].

For both generation and T&D of electricity, one challenge that 
remains today is evaluating the system holistically while remember-
ing that benefits and impacts are often localized. Finding a solution 
will become more important, and more challenging, as the electric 
system moves increasingly to distributed energy resources (DER). 
The change from large power plants and transmission infrastructure 
that primarily affect local areas, to many small generation assets with 
larger T&D systems will result in more distributed, but still local, 
benefits and impacts. More natural systems will be affected at the 
local level in a way that carries potentially negative consequences, 
while the benefits, such as reduced air emissions from fossil genera-
tion, may be distributed to systems that do not include those local 
areas. This is particularly true when siting renewables, as “wind and 
solar generation require at least 10 times as much land per unit of 
power produced than coal- or natural gas-fired power plants, includ-
ing land disturbed to produce and transport the fossil fuels” [46, 
125].

Figure 3. The Business Case for Valuing Water [55]
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Air Quality

Due to the increase in gas-fired power generation over coal-fired 
generation, the electric power sector overall has observed signifi-
cant reductions in emissions, particularly significantly lower levels 
of SO2, NOX, and primary PM. Natural gas generation also does 
not contribute to mercury and other air toxics, further lowering 
their emissions beyond the effects of the Mercury and Air Toxics 
Standards (MATS). Despite these observed improvements, there are 
remaining challenges. As emission requirements for gas-fired power 
generators become more stringent globally, more accurate and reli-
able measurement and monitoring technologies will be needed for 
a variety of pollutants. In addition, there will be a continued need 
to measure and model ambient concentrations of pollutants, as well 
as to understand the human and environmental health impacts of 
emissions from natural gas generation, which may be utilized to in-
form the National Ambient Air Quality Standards (NAAQS). These 
quantitative needs will include (1) support of the development and 
evaluation of existing and novel ambient measurement technologies 
(e.g., low-cost sensors, satellite remote sensing); (2) continuing sup-
port of efforts to improve model mechanisms, testing and improve-
ment of existing air quality modeling tools and evaluation of novel 
tools; (3) study of future contributions of natural gas generation to 
haze levels, nitrogen deposition, and primary and secondary fine 
particulate formation; (4) understanding the impact of ultrafine 
particles on human health, as well as low concentrations of NOX 
and PM in general; (5) examining the impact of PM components 
from natural gas generation on human health; and (6) evaluating 
the effects of ozone from NOx emissions on human health.

Greenhouse Gas Emissions

GHG emissions are one of the top environmental issues of today. 
Emissions of CO2, CH4, and other GHGs have increased steadily 
since industrialization, and have intensified significantly since the 
end of World War II. A wealth of research performed since the 
1980s has linked emissions of GHG to global warming and docu-
mented the detrimental effects of global warming upon the environ-
ment worldwide. For example, ozone formed from NOX and VOC 
emissions is driving the phenomena of arctic amplification [128], 
by which arctic regions are warming at a much faster rate than the 
rest of the planet; impacting species, speeding glacial melting, and 
declining permafrost conditions. Increased GHG emissions have 
also resulted in the increasing frequency, intensity, and duration of 
extreme events across the globe [130] (Figure 4). The transition to 

clean energy is already lowering the energy generation sector’s con-
tribution to GHG emissions, and efforts are underway to decarbon-
ize the transportation, industry, and buildings sectors as well.

Advancing into the Future
As decades of research demonstrate that action is necessary to fore-
stall unchecked global warming, much of the focus is on short-term 
challenges, such as the U.S. meeting the new Paris Agreement target 
of a 50% GHG emissions reduction by 2030. However, the impli-
cations of climate change are long-lasting. While achieving net-zero 
carbon emissions is a crucial aspect, more actions can be undertaken 
to achieve a healthy planet, with a number of challenges in air, water 
and land media to remain or emerge as renewables, energy storage, 
alternative energy carriers and other clean energy technologies are 
deployed. For example, while coal combustion residuals become 
less of a waste concern due to reduced mass and the presence of 
beneficial use options, the often-hazardous waste from battery or PV 
modules creates new risks until robust reuse and recycling pro-
cesses and markets are established. The mass of wind turbine blades 
provides an attractive source of material available for future benefi-
cial use products. Choices made throughout the life cycle of these 
technologies, from the point of procurement, during operations and 
through end-of-life management, can be made with consideration 
given to maximizing environmental and human health benefits, and 
minimizing negative externalities. However, this is only possible 
after examination of those interactions and quantification of their 
value. Emerging technologies, such as hydrogen and ammonia fuels, 
CCS, and direct air capture have the potential to spur the global 
economy into net-negative emissions, though these technologies 
are under development and not currently available for widespread 
deployment. There are also other actions that the electric industry, 
other economic sectors, governments, and individuals can take to 
reduce environmental impacts, such as minimizing waste, improv-
ing material reuse and recycling, and restoring natural habitats.

Figure 4. Cause and Effect: GHG Emissions, Global Warming, and 
Extreme Events
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The clean energy transition also presents opportunities for consid-
eration of environmental justice (EJ) and energy equity [109] as an 
extension of addressing environmental challenges. The definition 
of EJ, the fair treatment and meaningful involvement of all people 
regarding environmental policies, laws, and enforcement, [109] 
provides a path as to how this concept may be incorporated into the 
energy transition. Identifying stakeholders and community mem-
bers, then including them in planning, and continuously engaging 
and communicating with communities about the impacts of system 
planning investments, policies, laws, and enforcement, is critical to 
achieve a just transition (Figure 5). Incorporating an EJ lens encour-
ages the identification of regions that face the worst climate change 
impacts, prioritizes the remediation of those impacts, and promotes 
the health and safety of both the ecosystems and the people in those 
regions. While the concept of EJ, or in many cases environmental 
injustice, has been included in public conversation since the 1970s, 
the definitions, metrics, and incorporation of EJ into planning and 
execution of energy generation and delivery have been unclear.

The clean energy transition is an opportunity for the energy sector 
to support the incorporation of equity and justice into operations, 
policies, laws, and public discussions that directly impact the com-
munities served. Utilities may have unique opportunities to influ-
ence land and water use, environmental protection, species conser-
vation, human health, and many other public goods by adapting 
corporate strategies, goals, and metrics that prioritize the environ-
ment, equity, and justice. Tools that endeavor to account for all 
aspects of the benefits and impacts of these changes, such as EPRI’s 
Sustainability Optimization: Leveraging Value Estimation (SOLVE) 
and the EPA Benefits Evaluation Tools for Energy Efficiency and 
Renewable Energy Policies, may be used to balance benefit and cost 
distribution throughout the energy transition [111, 116].

Minimizing the Severity of Climate Change
The transition to renewable and low-carbon clean energy genera-
tion and storage technologies is expected to reduce climate change 
impacts through electrification. State-level analyses of electrification 
for the power sector, buildings, transportation, and industry show 
promising results for our ability to reduce emissions and improve 
air quality in addition to reducing GHG emissions [103, 104, 
105, 106, 107, 108]. These insights are useful to help identify an 
electrification pathway that maximizes air quality reduction and en-
vironmental benefits, but may not drive corporate decision-making 
processes without regulation.

Many utilities have set goals to achieve net-zero methane emissions 
from their gas infrastructure in the near future. These goals may 
be achieved, in part, through improving operational efficiency, use 
of renewable or alternative fuels, or enhancement of non-natural 
gas facilities. Each of these approaches requires an accurate under-
standing of the emissions baseline (whether combustion or fugitive 
emissions), drivers of emissions, and critical evaluation of today’s 
technologies and future alternatives. Looking ahead to an electricity 
sector that has been substantially decarbonized also requires evalu-
ation of the production, transport, and subsequent use of biometh-
ane, which is captured and upgraded from sources such as landfills, 
agricultural sites, and wastewater treatment plants before refinement 
into pipeline-grade renewable natural gas (RNG).

Figure 5. Justice Triad for the Clean Energy Transition (Source: Initiative 
for Energy Justice)
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Increasing Deployment of Renewables, Energy 
Storage, and Low-Carbon Technologies
Achieving an economy-wide CO2 emissions reduction of 50% by 
2030, and a net-zero emissions economy by 2050 [120], will require 
rapid development and deployment of renewables, energy storage, 
and low-carbon technologies such as renewable natural gas, biofuels, 
hydrogen, and ammonia. Several major R&D areas that will require 
proactive solutions prior to widespread deployment include address-
ing environmental and social considerations of material extraction 
and processing in the upstream supply chain for newly needed key 
minerals and materials; mitigating the carbon and energy intensity 
associated with manufacture, transport and deployment of low car-
bon fuels and technologies; creating net land use benefits for renew-
able generation deployments; improving human and environmental 
safety tools for stored energy; and providing affordable, efficient and 
safe reuse and recycling options to minimize landfill disposal [42, 
64, 79, 87, 88, 93, 98, 102].

Development and deployment of emerging technologies typically 
occurs faster than the standards, codes, and regulations intended to 
maximize safety and minimize environmental risks can be created. 
Thus, a paradigm of continual reevaluation and improvement is a 
necessary approach moving forward. The likelihood of increased 
siting of distributed energy facilities near to humans and through-
out communities also enhances the possibility of exposure, and will 
require thoughtful design of facilities and their operations, as well 
as early and effective communication with neighbors. Clean energy 
technologies require a thorough examination of the distribution of 
benefits and costs, and how best to balance them for the common 
good.

Sustainability and the Development of a 
Circular Economy
Rapid deployment of clean energy technologies will require equally 
rapid expansion of global supply chains in order to avoid bottle-
necking and more permanent resource availability issues for key 
or critical materials that could slow the decarbonization process. 
However, the use of clean energy technologies also creates new 
considerations such as environmental and social impacts of mining, 
refining and associated global transport of materials; water and land 
use changes; and GHG release from transportation. These effects are 
often greatly reduced, and/or more localized, than those associated 

with GHG-generating technologies, but awareness and management 
of them must be incorporated to support a sustainable and equitable 
energy sector. Many required and voluntary guidelines currently 
exist and that may be enhanced for further transparency [93] and ef-
fectiveness across a broader range of materials and processes. Recent 
calls for development of new domestic industries for mineral extrac-
tion and recovery, manufacturing and recycling in a number of 
countries, including the U.S., may allow for the implementation of 
environmentally responsible industries throughout the asset lifecycle 
[60, 93, 112]. Planning for the full lifecycles of renewable genera-
tion and energy storage technologies can help stakeholders evaluate 
whether the total environmental costs and benefits are incorporated 
to maximize the resource value [112].

Stakeholders across all areas of business and technical operations 
within the electric utility industry are seeking ways to engage in 
circular economies as a way to enhance energy sustainability [27, 
60]. The energy sector is beginning to embrace this challenge in 
areas such as developing sustainability benchmarking metrics [47, 
110], facility life extension, redeveloping decommissioned thermal 
generation sites [58, 99, 113], beneficially reusing coal combus-
tion products [10, 32, 44, 51], decreasing water use [20, 30, 33, 
36, 55, 89], and reusing or recycling renewable energy assets that 
have reached the end of their operational life [25, 37, 38, 100, 112, 
114] (Figure 6). Incorporating circular economy practices into cur-
rent operations provides the opportunity to increase and improve 
sustainability as society electrifies to support clean energy transition 
goals while balancing financial considerations to support a healthy 
planet [48, 92, 95].

Figure 6. Electric Utility Roles in Renewable and Battery Circular 
Economies [112]

0
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Conclusions
Achieving a clean energy transition that maintains affordability, 
reliability, and sustainability while simultaneously prioritizing bal-
anced distribution of the costs and benefits across human, natural, 
and financial systems can be accomplished if action is taken by all 
stakeholders to accelerate solutions for legacy impacts, address cur-
rent and future challenges, and incorporate environmental justice 
and energy equity into decision-making processes.

This transition will depend on clear communication and collabora-
tion across all stakeholders. EPRI is supporting this transition by 
convening experts, facilitating conversations, and identifying and 
filling existing research and knowledge gaps. Working together, 
EPRI can aid the transition to a clean energy future while incorpo-
rating equity and justice that support a healthy planet.
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