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Oak Ridge National Laboratory prepared this report for DOE EPSA as part of a series of “baseline” reports
intended to inform the second installment of the Quadrennial Energy Review (QER 1.2). QER 1.2 will
provide a comprehensive review of the nation’s electricity system and covers the current state and key
trends related to the electricity system, including generation, transmission, distribution, grid operations
and planning, and end use. The baseline reports provide an overview of electricity system elements.
To help understand how the energy systems might develop into the future under Business as Usual (BAU)
conditions QER 1.1 relied upon the U.S. Energy Information's Annual Energy Outlook (AEO) 2014
Reference Case. EPSA could not rely completely upon AEO for QER 1.2 as AEO 2016 was not completed
and AEO 2015 did not include the Clean Power Plan. So the EPSA Base Case was developed and it aligns
as closely as possible with AEO 2016 given the timing issues.
The EPSA Base Case scenario was constructed using EPSA-NEMS,1 a version of the same integrated
energy system model used by EIA. The EPSA Base Case input assumptions were based mainly on the final
release of AEO 2015, with a few exceptions as noted below, and then updated to include the Clean Power
Plan and tax extenders. As with the AEO, the ESPA Base Case provides one possible scenario of base case
energy sector demand, generation, and emissions from present day to 2040, and it does not include
future policies that might be passed or future technological progress.
The EPSA Base Case input assumptions were based mainly on the final release of the AEO 2015, with a
few updates that reflect current technology cost and performance estimates, policies, and measures.
Assumptions from the EIA 2015 High Oil and Gas Resources Case were used; it has lower gas prices
similar to those in AEO 2016. The EPSA Base Case achieves the broad emission reductions required by the
Clean Power Plan. While states will ultimately decide how to comply with the Clean Power Plan, the EPSA
Base Case assumes that states choose the mass-based state goal approach with new source complement
and assumes national emission trading among the states, but does not model the Clean Energy Incentive
Program because it is not yet finalized. The EPSA Base Case also includes the tax credit extensions for
solar and wind passed in December 2015. In addition, the utility-scale solar and wind renewable cost and
performance estimates have been updated to be consistent with EIA’s AEO 2016. Carbon capture and
storage (CCS) cost and performance estimates have also been updated to be consistent with the latest
published information from the National Energy Technologies Laboratory. An EPSA Side Case was also
completed, which has higher gas prices similar to those in the AEO 2015 Reference Case.

1

The version of the National Energy Modeling System (NEMS) used for the QER base case has been run by
OnLocation, Inc., with input assumptions by EPSA. It uses a version of NEMS that differs from the one used by the
U.S. Energy Information Administration (EIA), the model is referred to as EPSA-NEMS.
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EXECUTIVE SUMMARY
This baseline report examines the solid waste generated by the U.S. electric power industry,
including both waste streams resulting from electricity generation and wastes resulting from the
decommissioning of power plants.
Coal and nuclear plants produce large volumes of waste during electricity generation, and this
report describes the policies and procedures for handling these materials. Additionally, the
changing electricity sector is leading to large numbers of plant retirements, resulting in an influx of
waste streams from decommissioning activities. The procedures for handling these
decommissioning wastes, as well as the closure or maintenance of waste storage facilities, are
outlined in the report. Although few renewable plants are currently ready for retirement,
decommissioning strategies for these plants are also discussed, as they will eventually reach
retirement.
The two largest forms of solid waste from coal-fired generation are coal ash (from the combustion
of coal), and “scrubber” slurry (from environmental controls at the plant). Collectively, these two
wastes are called coal combustion residues, or CCRs. CCRs are the second most abundant waste
material in the United States, after household waste. There is no model approach in place in the U.S.
for preparing retirement plans for large fossil generation plants. Environmental remediation will
likely be the most expensive phase of many coal decommissioning projects. (The value of the scrap
metal from coal plants on the open market can offset some of the cost of demolition. However,
going forward there is likely to be a glut of scrap supply, which will make such opportunities more
difficult.)
Similarly, nuclear power plants produce waste that must be considered when plants retire. About
72,000 metric tons of used fuel is currently stored at reactor sites across the U.S., with about 70
percent in pool storage and 30 percent stored in concrete casks. The amount of waste in storage
grows by about 3 percent annually. There is currently no centralized permanent disposal facility for
commercial used nuclear fuel in the U.S., so this radioactive material is stored at reactor sites in 35
states awaiting construction of a permanent handling facility. The NRC operating licenses for about
60% of the nuclear units in the U.S. will expire by 2040, which without further license extensions,
will create a boom of retirements and decommissioning wastes over the coming decades.
Natural gas and oil-fired power plants face similar waste challenges. The two solid waste concerns
for gas- and oil-fired plants are byproducts from air pollution controls and chemical waste,
including the scale, sludge, and scrapings removed from the generator, tanks, and pipelines, that
may contain radioactive elements. However, there is little public information about the cost of
different decommissioning options for oil and gas facilities.
Renewables considered in this baseline report include hydropower, wind and solar.


Hydropower dams have few unique waste streams during decommissioning, but sediments
in reservoirs are a concern, as they accumulate metals, oils, pesticides, and herbicides from
iv

runoff, which flow downstream during decommissioning. Precautions for endangered
species may need to be considered. Dam removal projects have varied widely in cost due to
the range in dam sizes and other factors.


Given that the majority of the U.S. wind fleet is less than 10 years old, there are few
examples in the country of waste from decommissioning or re-powering. Older wind farms
in other countries have been re-powered by either upgrading or replacing existing towers
and other infrastructure with more efficient turbines and related equipment. For full
decommissioning of wind towers, many parts can be sold intact for reuse or broken down
for salvage though blades have been reported as hard to recycle. There are no national
regulations in the U.S. for decommissioning wind plants.



Similarly, there are no state or federal regulations in the US for recycling solar panels, but a
few solar companies have started recycling programs on a voluntary basis. Some estimates
anticipate that the salvage value for metal racks, metal fencing, and panels themselves will
outweigh decommissioning costs. There is a lack of information on decommissioning solar
PV, as panels have a life expectancy of 20-30 years and a majority have not reached their
end of life. The lifetime of a solar inverter is approximately 10 years, and there is also a lack
of information on how many inverters have been replaced or if they have any recycling or
disposal issues.

Some common decommissioning waste streams and issues impact all generation types. For
example, high voltage power electronics, such as switches, inverters, converters, and controllers,
allow electric power to be precisely controlled to support long-distance transmission. These
devices and other power electronics contain lead, brominated fire retardants, and cadmium in their
printed circuit boards, and the disposal of these circuit boards in landfills can cause environmental
risk.
While there is no model approach, synergies exist for reuse of generation plant sites after
remediation, and examples of industrial and mixed-use repurposing of retired plant sites,
particularly former coal plant sites, are emerging. There is a lack of publically available data on
decommissioning costs and strategies. A register of decommissioning costs and best practices is
only now being assembled, though principally focused on non-renewable plants.

v

1. INTRODUCTION
This baseline report characterizes the solid waste generated from the operation of power plants
and also describes the solid waste produced from the decommissioning of power plants. The
inclusion of waste from decommissioning is a timely addendum given that utilities in the United
States will likely retire a record number of fossil and nuclear plants over the next decade. 1 The
report also addresses the pertinent policies and regulations affecting the handling of solid waste
from the electricity generation sector.
For context, the rest of Chapter 1 describes trends in the U.S. electricity generation portfolio and the
drivers of plant retirements. Chapters 2 through 5 address the major fuels that are the focus of this
report: coal, natural gas and oil, nuclear, and renewables (in particular, hydropower, wind, and
solar photovoltaics). Each of these four chapters describes the solid wastes that are unique to a
particular source of electricity, including the waste produced during operation and
decommissioning. We do not provide a complete life cycle assessment of solid waste from
electricity generation, but we do examine the possible beneficial use of the wastes created by the
operation and decommissioning of power plants. In addition, each of these four chapters addresses
the pertinent policies and regulations affecting the handling of solid waste as well as the options for
decommissioning plants. Chapter 6 focuses on the common waste streams produced by the
decommissioning, demolition, and retirement of different types of power plants, including the
recycling of demolition waste into beneficial uses, and the management of asbestos, lead-based
paint, and toxic waste from power electronics. Chapter 7 characterizes the local economic and
community impacts of plant retirements. The findings of this report are summarized in Chapter 8.
1.1

TRENDS IN THE U.S. ELECTRCITY GENERATION PORTFOLIO

Approximately 33% of U.S. electricity came from coal in 2015, down from 39% in 2014, 44% in
2013, and 53% in 1990 (Figure 1.1). 2 During the month of April, 2015, natural gas-generated
electricity surpassed coal for the first time in history.3 And in 2015, natural gas generated as much
electricity as was generated by coal (Figure 1.1). The Energy Information Administration’s (EIA)
estimates that natural gas-fired generation will exceed coal generation in the U.S. in 2016.4 The
current downward trend in coal-fired generation began in 2009, due to the combination of
hydraulic fracturing and horizontal drilling which made production of natural gas from shales
possible, enabling the increased U.S. production of natural gas, leading to a sustained downward
shift in natural gas spot prices and increased production from natural gas-fired generators. 5
The growth of non-hydro renewables, especially wind and solar, has also been notable. The
increased use of these renewable resources has been enabled by declining costs in conjunction with
state and federal policies, in contrast to natural gas generation, which has been almost entirely
market-driven. In 2014, hydropower generation accounted for half of U.S. renewable electricity; in
2015, hydropower was surpassed by generation from other renewable energy sources for the first
time since the expansion of U.S. hydropower over the last century (Figure 1.1). For more detailed

1

information on current generation trends and drivers, see the Generation6 and Environmental7
Baseline Reports.
Figure 1.1 U.S. Electricity Generation by Fuel Source in 2015 8

1.2

DRIVERS OF POWER PLANT RETIREMENTS

All power plants have a finite life beyond which it is no longer economically viable to operate them.
The decision to operate, idle, or retire a power plant is based on a complex set of factors that impact
the likelihood that a plant will be able to deliver cost-competitive electricity in the future. Plants
become less efficient and less profitable over their lifetimes, unless significant investments are
made to replace degraded parts and upgrade components. The global economic downturn in 2008
followed by the sluggish recovery of demand in recent years has challenged electric utilities, some
of which have significant overcapacity as indicated by their increasing reserve margins. This has led
to industry decisions to retire some inefficient plants.
The recent abundance of low-priced natural gas has produced a significant uptick in gas-fired
generation that has driven down the demand for other forms of electricity generation. Retirements
of older coal, petroleum, and single-cycle natural gas plants are also motivated by environmental
regulations addressing air, water, and solid waste pollution. Nuclear plants also face challenges,
including additional precautionary expenditures at U.S. nuclear plants triggered by the nuclear
incident at Fukushima-Daiichi, and public opposition that can drive utilities to retire their nuclear
plants, particularly when they are individual units that cannot benefit from the scale economies of
plants that operate two or three nuclear reactors.
The projected levelized cost of electricity (LCOE) from different generating technologies and energy
sources also plays a role in retirement decision-making. Through 2020, natural gas is expected to
continue to have the lowest LCOE across the major energy resource options, despite having
relatively low capacity factors compared with coal and nuclear plants.9 Plant lifetimes typically
2

range from 30-45 years for natural gas plants to 30-60 years for coal and nuclear plants. Based on
historical performance, wind farms have a typical lifetime of 20-30 years and solar power facilities
have a lifetime of 30 years, while hydropower plants tend to operate for longer periods.10 All of
these factors play unique roles in the retirement decision of managers of different types of power
plants.
1.3

RECENT AND PLANNED POWER PLANT RETIREMENTS

Examining EIA data on the makeup of recent and planned power plant retirements provides an
indication of the types of solid waste from decommissioning activities that are likely to be
generated in the near term (Table 1.1).11 The statistics are based on GW of summer power plant
capacity.12 13
Over the past six years (from 2010 through 2015), 70.7 GW of summer capacity has been retired.
These recent retirements have been dominated by coal plants that account for 52.5% of recently
retired summer capacity. In 2015, nearly 18 GW of coal capacity was shut down. Natural gas steam
turbines account for the next largest type of retired plant, comprising 19.4% of recently retired
summer capacity, followed by oil steam turbines at 8.3%, natural gas combustion turbines at 5%,
nuclear at 3.2%, and diesel combustion turbines at 3.1%.
Over the next five years (between 2016 and 2020), 24 GW of summer capacity is planned to be
retired (Table 1.1), and 70% of this planned retirement capacity comes from coal plants. The next
largest type of planned retirement comes from natural gas (22%). A much smaller percentage of
planned retirements are diesel combustion and oil steam turbines. These are less prominent in
planned retirements, in part because they now represent a much smaller capacity of the nation’s
electricity generation than historically has been the case.
These planned retirements are smaller than recent retirements in terms of total summer capacity.
The difference is partly due to the fact that planned additions over a 5-year forecast period cannot
be fully anticipated; as a result, these EIA data will likely underrepresent the actual pace of future
retirements. However the overall conclusion from this analysis is that, in the short-run, coal
retirements will continue to be the dominate type of plant retirements in the U.S. power sector.
They will therefore be major contributors to the production of solid waste from decommissioning
in the electricity sector, with associated risks and opportunities.

3

Table 1.1. Recent and Planned Power Plant Retirements in the U.S. 14
Planned
Retirements:
2016-2020

Past Retirements: 2010-2015
Retirements in
GW of Summer Capacity

2010

2011

2012

2013

2014

2015

Totals

Coal

1.4

2.6

9.2

5.8

4.2

13.7

37.1

52.5% 16.7

70.2%

Combined Cycle

0.0

0.2

0.3

0.4

1.2

0.1

2.2

3.1% 0.3

1.3%

Steam Turbine

1.2

1.3

2.6

4.9

2.2

1.5

13.7

19.4% 4.4

18.5%

Combustion Turbine
and Internal
0.2
Combustion Engine

0.2

0.9

0.6

0.4

1.3

3.5

5.0% 0.6

2.5%

Other Gas

0.0

0.0

0.0

0.0

0.0

0.0

0.1

0.1% 0.0

0.0%

0.2

0.3

0.2

0.3

0.5

0.7

2.2

3.1% 0.3

1.3%

1.7

1.0

1.0

1.6

0.5

0.2

5.9

8.3% 0.4

1.7%

Nuclear

0.0

0.0

0.0

3.6

0.6

0.0

4.2

3.2% 0.6

0.5%

Renewable

0.2

0.2

0.4

0.3

0.4

0.2

1.7

2.4% 0.4

1.7%

Other

0.0

0.0

0.0

0.0

0.0

0.0

0.1

0.1% 0.0

0.0%

Yearly Total

4.9

5.7

14.6

17.5

10.1

17.8

70.7

100% 23.8

100%

Natural Gas

Diesel Combustion
Petroleum Liquids & Turbine
Coke
Oil Steam Turbine

Totals

Note: Cumulative retirements after December 31, 2015.

1.4

OVERVIEW OF SOLID WASTE STREAMS FROM SIX SOURCES OF ELECTRICITY

Table 1.2 provides an overview of the solid waste streams from the six electricity fuels that are the
focus of this report: coal, natural gas and oil, nuclear, hydropower, wind, and solar photovoltaics.
The overview summarizes the solid wastes that are associated with different sources of electricity,
distinguishing between the waste produced during operation and the waste that occurs with
decommissioning.
Conventional fuels (coal, natural gas, oil, and nuclear) using older energy technologies have well
known solid waste generation from fuel consumption, on-site fuel storage, waste storage and
management, and the re-use of waste and recycling. These are called operational wastes, and they
are diverse as shown in Table 1.2. For example, coal-fired power plants produce coal ash and
scrubber slurries, while nuclear power plants produce low- and high-level nuclear waste. All fossil
fuels (coal, gas and oil) generate CO2 and other air pollutants such as SO2, NOx, and particulate
matter. We cover these air pollutant issues in this report only to the extent that they have solid
waste consequences. Renewable energy technologies, on the other hand, produce little, if any, solid
waste during their operation, as shown in Table 1.2.

4

Plants powered by conventional fuels also have a variety of decommissioning waste streams. As
shown in Table 1.3, fossil and nuclear plants, hydropower, wind, and solar photovoltaics facilities
all produce significant decommissioning waste streams.
The details behind the entries in Tables 1.2 and 1.3 are found in subsequent chapters. These
chapters also highlight the fact that the solid waste streams from electricity generation depend not
only on the fuels and technologies used to operate power plants, but also on the age and design of
the plants and the infrastructure that must be decommissioned when the plants retire. As a result,
the chapter on solid wastes from coal plants distinguishes between pulverized coal-fired power
plants, fluidized-bed coal plants, and integrated gasification combined cycle plants. It also
distinguishes between types of environmental remediation, furnaces, and other equipment and
systems that impact the nature of the solid waste streams.
Table 1.2. Overview of Solid Waste Streams from Fossil-Fuel and Nuclear Plants
Coal

Natural Gas & Oil

Nuclear

Limited radioactive sludge
removed at decommissioning

Nuclear waste (high- and
low-level nuclear waste)

Unique Fuel, Waste, Recycling, and Storage Issues
Waste from Fuel
Consumption

Coal combustion byproducts (fly
ash, bottom ash, slag, scrubber
slurries), limited radioactive coal
ash removed at decommissioning

Waste
Storage/Management

Wet ponds and dry
impoundments

Spent fuel pools and dry
casks

Beneficial Uses of
Waste/Recycling

Gypsum board, concrete blocks,
highway construction, road
embankments, ice traction
control, blasting materials, grit
on roof shingles

While currently prohibited
in the United States, other
countries recycle spent
nuclear fuel

On-Site Fuel
Storage/Management

Aboveground coal piles

Above and underground gas
& oil tanks and pipes

Nuclear fuel rods

Common Decommissioning Waste Streams
Powerhouse Equipment

Generators, turbines, boilers,
precipitators, pumps

Generators, turbines, boilers,
precipitators, pumps

Generators, pumps

Structures

Buildings, pads and cooling
towers

Buildings, pads and cooling
towers

Buildings, pads and cooling
towers

T&D Equipment

Cables, Wiring, Transmission
Towers, Poles, Underground
Cables

Cables, Wiring, Transmission
Towers, Poles

Cables, Wiring,
Transmission Towers, Poles

Power Electronics

Inverters, transformers and
other power electronics

Inverters, transformers and
other power electronics

Inverters, transformers and
other power electronics

Transport Infrastructure

Railway spurs and access roads

Pipelines and access roads

Access roads

Recyclable/Salvageable
Decom. Wastes

Steel, copper, brick, concrete

Steel, copper, brick, concrete

Steel, copper, brick, concrete
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Table 1.3. Overview of Solid Waste Streams from Renewable Electricity Plants
Hydropower

Wind

Solar Photovoltaics

Unique Fuel, Waste, Recycling, and Storage Issues
Waste from Fuel Consumption

--

--

--

Waste Storage/Management

--

--

--

Beneficial Uses of
Waste/Recycling

--

--

On-Site Fuel Storage

Water reservoirs with
attendant siltation issues

--

--

Common Decommissioning Waste Streams
Powerhouse Equipment

Generators, hydro-turbines,
pumps

Towers, blades, gearbox,
generator, nacelle

Solar photovoltaic panels

Structures

Dams and buildings

Poles and blades

Steel frames

T&D Equipment

Cables and wiring

Cables and wiring

Cables and wiring

Power Electronics

Inverters, transformers and
other power electronics

Inverters, transformers and
other power electronics

Inverters, transformers and
other power electronics

Transport Infrastructure

Access roads

Access roads

Access roads

Recyclable/Salvageable Decom.
Wastes

Steel, concrete, copper

Steel, copper, fiberglass

Recycling of steel, glass,
silicon wafers, and rare
earth elements
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2. COAL
2.1

OVERVIEW OF COAL TECHNOLOGY

The coal ash byproduct of coal-fired power plants is the largest quantity of solid waste produced
from the generation of electricity.15 The composition and quantity of this solid waste depends on
the type of coal burned, the power conversion technology used, and the addition of environmental
controls. These factors are discussed below, along with pertinent regulations and options for waste
management, beneficial utilization of byproducts from coal combustion, the decommissioning of
coal plants, and the reuse of coal plant sites.
2.1.1

Pulverized Coal-Fired Power Plants

Conventional coal-fired power plants burn pulverized (powdered) coal to boil water and create
steam. The steam, in turn, drives a turbine, which drives the electricity generator based on
electromagnetic induction.16 Coal plants (like nuclear plants) are principally adapted to base-load
operation because they are expensive to start up and shut down. The coal-fired generating process
is shown in Figure 2.1.
Figure 2.1. Pulverized Coal-Fired Power Plant17

In 2011, approximately half of new coal-fired plants built globally possessed high-efficiency, lowemissions (HELE) technologies, and it is likely that this percentage is higher today.18 American coal
plants with these technologies include the James E. Rodgers Energy Complex (Cliffside) and the
John W. Turk, Jr. UPC.19 While proliferation of HELE technologies has increased rapidly over the last
decade, about 75% of all global coal-fired plants lack these technologies.20 Further improvements in
efficiency have been achieved through supercritical and ultra-supercritical power plants. These
technologies allow plants to operate at pressures and temperatures (over 1,100 degrees
Fahrenheit) that are higher than the supercritical state of water, when gas and liquid are in
equilibrium. Thus, the water is heated above its boiling point without boiling. This creates a more
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efficient steam cycle that produces fewer solid wastes, consumes less fuel, and lowers operating
costs.21
At least two types of control systems can be used to reduce SO2 emissions from pulverized coal
plants. The most common is an external emission control called flue gas desulfurization (FGD) (or
“scrubbers”), which remove SO2 and other pollutants from the flue gas, generally with a basic solid
or solution.
2.1.2

Fluidized-Bed Coal Plants

Fluidized-bed combustion (FBC) is a more recent power-generation technology that has evolved
from efforts to find a combustion process able to control pollutant emissions without external
emission controls. The combustion process consists of suspending coal with jets of air that create a
mixing of gas and solids. The interaction of the flue gas and a sulfur absorbing chemical can capture
over 95% of sulfur pollutants. The plant operates at temperatures of about 1,500 degrees
Fahrenheit, about 1,000 degrees lower than the threshold for nitrogen oxides formation.22 An
estimated 1,000 MW of capacity with FBC is installed worldwide; however, the only United States
example was the joint DOE-American Electric Power Clean Coal Technology project at the Tidd
Plant in Ohio, which was decommissioned in 2015. Both of these air pollution abatement
technologies, FGD and FBC, produce solid waste, as described below.
2.1.3

Integrated Gasification Combined Cycle (IGCC) Plants

A newer approach to the conversion of coal to electricity is the integrated gasification combined
cycle (IGCC). IGCC generators use a gasifier under high temperatures without combustion to create
“syngas” from coal. Syngas is generally around 45% carbon monoxide (CO), 28% hydrogen (H2), 8%
carbon dioxide (CO2), and 3% methane (CH4). Additional constituents in syngas frequently include
other gases and contaminants including hydrogen sulfide (H2S), ammonia, and water vapor.23 In
fixed (moving) bed gasifiers, reactions occur in multiple “zones”.24 At the top of the gasifier is the
“drying zone.”25 Here, coal that has entered is heated and dried while cooling the product gas before
exiting the reactor. In the “carbonization zone”, warmer temperature gas further heats the coal.26
Next, coal is gasified with CO2 and steam in the “gasification zone.”27 Finally, the hottest
temperatures occur near the bottom of the gasifier in the “combustion zone.”28 Here, oxygen reacts
with the remaining char.29 In the case of an IGCC plant with carbon capture and storage (Discussed
in greater detail in 2.1.4), the gas turbine is adjusted so syngas can be burned with essentially no
CO.30 With a reactor containing shift catalysts, the following reaction occurs: CO + H2O → CO2 + H2.
The hydrogen is then combusted to run a combustion turbine. The exhaust heat from the
combustion turbine drives a secondary heat recovery system to generate steam to run a steam
turbine that also drives an electricity generator.31 Another gasifier that has been used for IGCC is
the GE energy gasifier. In this gasifier, syngas is created from a “single-stage, downward feed,
entrained-flow refractory lined reactor.”32
Today, three IGCC plants operate in the United States. The Wabash River Repowering Project can
supply 262 MW to the electric grid.33 Tampa Electric’s Polk Power Station can supply 250 MW to
the electric grid.34 The most recent plant, Duke Energy’s Edwardsport Generating Station, is a 618
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MW IGCC plant.35 At full capacity, the plant can generate energy for about 500,000 houses. Three
IGCC plants in Europe have electricity capacities of 430 MW, 300 MW, and 253 MW, respectively.36
In addition to future planned IGCC plants in the United States, additional IGCC plants are
anticipated to go online in China, India, Japan, Pakistan, Saudi Arabia, South Korea, and the United
Kingdom in the coming years. 37 For additional information on these technology trends, see the
Generation Baseline report. 38
2.1.4

Carbon Capture and Storage

Carbon capture and storage (CCS) is being deployed at coal plants to reduce the CO2 emissions and
may also be applied to natural gas plants in the future. Many industrial processes (such as ethanol
production or fertilizer production) produce purer streams of CO2 than power plants, making CCS
cheaper for these industrial streams.
Carbon dioxide can be captured post- or pre-combustion. Post-combustion capture extracts CO2
from the flue gases produced in the conventional air-fired combustion process – after combustion
of coal (or natural gas). This is an approach that can be used in conventional power plants, and it is
well understood because it has been used for several decades in other industrial applications,
although at somewhat more limited scales. The most common technology employed today is aminebased chemical absorption. Amine, a nitrogen-based chemical, is able to rapidly react with CO2 in
the flue gas to separate it. Specifically, the capture equipment includes an absorption tower, in
which flue gases come in contact with droplets of amines that selectively absorb CO2. In a second
reaction column, known as a stripper tower, the amine liquid is heated to release concentrated CO2
and to regenerate the chemical absorber. Flue gases are only 10 to 12% CO2 by volume for coal
power plants and even less, 3 to 6%, for natural gas-fired power plants.39
Pre-combustion capture involves the syngas via a shift catalyst to separate and remove CO2 and
hydrogen. CO2 is then transported to a process facility where it is compressed, injected, and stored
underground.40 The water-gas shift reaction occurs in some gasification configuration, stripping
some of the CO2 for the process to work. The water-gas shift reaction used in pre-combustion
capture is already applied to hydrogen production, which is generated at large scale for making
fertilizer.41
In both cases, compressed CO2 can be used for enhanced oil recovery in the oil and gas industry and
for coal mine methane production.42 CCS can reduce CO2 in both gas and coal generation. CCS offers
the potential to significantly reduce CO2 emissions from coal-fueled electricity generation. 43
IGCC plants with CCS generally have higher operating efficiencies than conventional coal-fired
power plants. Compared to conventional plants, IGCC plants with CCS produce less coal ash per
MWh generated since they gasify rather than combust coal. IGCC plants with CCS have similar
operating characteristics to that of combined cycle combustion turbines. However, the IGCC with
CCS plants are less efficient than combined cycle turbines largely because the coal gasification
process is energy intensive.
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Figure 2.2. Post-Combustion CCS Plant44

CO2 capture is similar to other environmental scrubbers applied to coal and other fossil-fueled
power plants, although the energy penalty for CCS is much bigger than for conventional pollution
control. Adding another environmental control comes with an associated energy penalty. This
means that for each unit of energy (coal) burned, less electricity is sold on the grid.
2.1.5

Other Coal Technologies

Additional technologies include selective catalytic reduction (SCR) and selective non-catalytic
reduction NOx controls.45 These technologies produce minimal solid waste streams.46
2.2

WASTE GENERATION AND MANAGEMENT

The two largest forms of solid waste from coal-fired generation are coal ash, which results from the
combustion of coal, and scrubber slurry, which results from emissions reduction efforts at the
plant. Different types of scrubbers have different types of waste streams.
2.2.1

Coal Ash

In 2014, roughly 130 million tons of coal ash, also known as coal combustion residuals (CCRs), were
generated, making it the third most common mineral resource in the United States.47 48 With 1.5
billion tons of coal ash stockpiled, coal ash is the second most abundant waste material (after
household waste) in the United States.49 On average, for every six tons of coal burned, one ton of
coal ash is produced.50 In 2012, electric utilities burned over 800 million tons of coal and generated
approximately 110 million tons of CCRs in 47 states and Puerto Rico.51
Coal ash is comprised of the solid particles that remain after coal combustion. “Bottom ash” refers
to the particles that remain at the bottom of the coal combustion chamber in a pulverized coal plant
while “fly ash” refers to the particles that fly into the cooling stacks.52 53 Slag is a type of ash that
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results from burning crushed coal at intense temperatures in a cyclone boiler. This produced slag is
a “coarse, hard, black, angular, glassy material.”54
Table 2.1 provides a comparison of integrated gasification combined cycle (IGCC), fluidized-bed
combustion (FBC), and pulverized coal (PC) plants in terms of their byproducts and waste levels.
The table was created for a 300 MW size plant that uses Illinois bituminous coal with 4% sulfur
content. Bituminous coal is the most common coal used to generate electricity in the United States
and also has a carbon content that varies greatly.55 The table illustrates that a representative 300
MW PC plant using wet FGD produces 557 tons/day of ash (dry weight), while a model FBC system
of the same capacity produces slightly less, at 538 tons/day). In contrast, an IGCC plant produces
515 tons/day of slag that is non-existent at the plants that possess FBC technology or use PC.56
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Table 2.1 Solid Waste Streams of Pulverized Coal with Wet FGD, Fluidized Bed Coal, and IGCC Power
Plants57
Pulverized Coal
Fluidized Bed Coal
IGCC Plant
Plant Data
Plant with
Plant
(Without CCS)
Advanced Wet FGD
Plant Operating Data
Plant Size, MWe
Annual Capacity Factor, %
Heat Rate, Btu/kWh
Carbon Conversion, %
Feed Fuel, tons/day
Feed Limestone, tons/day

300
65
9,750
99
3,480
466

300
65
9,400
98
3,360
1,104

300
65
9,000ii58
99
3,216
-

10,100
4
16
57.6

10,100
4
16
57.6

10,100
4
16
57.6

95
Limestone
95
1.02
25

95
Limestone
95
2.5
25

98
MDEA**
25

557
0
20
0
562
10
23

538
0
19
0
542
363
55

0
515
19
126
0
0
0

Fuel Properties
HHV, Btu/lb
Sulfur, Weight %
Ash, Weight %
Carbon, weight %
Sulfur Removal*
Removal Efficiency, %
Sorbent
Limestone Purity, %
Ca/S Molar Ratio
Water on Dry Waste, %
Solids Generated, tons/day
Ash (Dry)
Slag (Dry)
Carbon in Ash (Dry)
Elemental Sulfur
CaSO4 (Anhydrite)
CaO (Dry)
Inerts from Limestone
Totals
Total By-Products, tons/dayiii
747
0
126
Total Solid Waste, tons/day (Dry)
577
1,778
534
Total Solids Generated, tons/day
1,324
1,778
660
Total Solids Generated, lb/MWh
367
494
183
Total Solid Waste Generated, lb/MWh
172
494
148
*Sulfur Removal is discussed in greater detail in 2.2.2 “Scrubber Slurries
** Methyldiethanolamine (MDEA) is an aqueous solution used to remove hydrogen sulfide and carbon dioxide
from flue gases.

These are heat rates for model plants built with the latest technologies in 2016. Actual heat rates across all
coal plants vary widely depending on the age and efficiency of the plant. Heat rates for coal plants operating
in 2012 ranged from 8,800 Btu/kWh to 25,000 Btu/kWh.
iii Produced solids that are able to be re-used for beneficial uses
ii
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Depending upon the source and makeup of the coal being burned, the components of coal ash vary
considerably. All fly ash and bottom ash include substantial amounts of silicon dioxide (SiO2),
aluminum oxide (Al2O3), and calcium oxide (CaO), the main mineral compounds in coal-bearing
rock.59 However, traces of arsenic (As), cadmium (Cd), lead (Pb), mercury (Hg) and other elements
are also common in both fly ash and bottom ash (Table 2.2).
Table 2.2 Concentrations of Various Elements in Coal Combustion Products (median values in mg/kg
or ppm)60
As
Ba
Cd
Cr
Pb
Hg
Se
Ag
Sb
Be
Fly Ash

71

923

1.07

133

49

0.1075

11

<4.9

<7.2

10.6

Bottom Ash

7.2

768

<5.5

191

20

0.018

<1.25

<5.5

<7

5.8

B

Co

Cu

Mn

Ni

Tl

V

Zn

Fe

Mo

Fly Ash

322

7.9

140

189

102

2.4

254

152

69100

19

Bottom Ash

82

NA

73

262

123

<0.5

161

59

101200
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The composition of coal combustion residues can be changed by altering fuel used at plants or by
implementing air emission controls. Examples include mixing coal types or co-firing biomass with
coal. Air emission controls include ammonia-based systems that can control NOx, carbon injected
powder that can manage mercury, and SO2 that can be mitigated through sodium-based sorbents
and fluidized bed combustion.61 These emission control systems create “scrubber slurries,” which
are described in Section 2.2.2.
2.2.1.1 Coal Ash Storage and Management
Coal ash management sites come in many different sizes, and are typically operated under statepermits. A DOE and EPA study found engineering and regulatory controls of sites became more
stringent from the 1990s into the 2000s.62 The EPA conducted a thorough review of the impact of
coal combustion residuals on the environment and public health. Based on their findings, in April
2015, EPA issued the Disposal of Coal Combustion Residuals from Electric Utilities final rule—
generally known as the CCR Rule.iv The CCR Rule establishes technical requirements for CCR
landfills and surface impoundments under subtitle D of the Resource Conservation and Recovery
Act (RCRA),v the central federal regulatory program governing recycling and disposal of solid
waste. The rule specifies national regulations for the safe handling and disposal of coal ash.63 To
reduce the risk of accidental release, coal-fired power producers must periodically conduct
assessments of structural stability, perform weekly inspections, and develop emergency plans. In
addition, there are groundwater specifications, restrictions on impoundment locations, liner design
requirements, operating criteria, and record keeping requirements.64 Additionally, there are
dewatering requirements for inactive units.65
iv

https://www.epa.gov/coalash/coal-ash-rule
https://www.epa.gov/laws-regulations/summary-resource-conservation-and-recovery-act, Accessed
March 21, 2016.
v
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The new dewatering requirements for inactive units mean that retired plants cannot maintain wet
ash lagoons. Many of the other requirements will reduce the likelihood of ash pond leakages and
impoundment spills. This rule does not apply to disposal of CCRs in abandoned or active
underground or surface coal mines. Federal regulations will be created by the EPA and Department
of Interior (DOI) in the future so that the placement of future CCR in mine fill operations is
adequately controlled.66
In March, The Coal Ash Landfill Safety Act (CALSA) was introduced in the U.S. House of
Representatives.67 The legislation calls for the EPA to reconsider disposing of coal ash in municipal
landfills.68 The aim of CALSA is to protect communities from coal ash dust in landfills, during
transportation, and other ash management and material handling activities.69 Additionally, the bill
calls for weekly, monthly, and yearly groundwater inspection requirements, as well as proper clean
up mandates.70 Other provisions include banning CCRs within five feet of groundwater, and publicly
posting monitored data, corrective action plans, and inspection reports to keep the public informed
of hazards.71
There exist two disposal methods for coal ash. The method employed is based on availability of
landfills or impoundments. Coal ash that is stored in the dry form is disposed of in one of the about
300 U.S. landfills located near coal power plants. These landfills on average cover 120 acres and are
40 feet deep. The U.S. coal combustion products that are stored in wet form are disposed of in one
of over 700 impoundment sites. On average, these sites measure over 50 acres with a depth of 20
feet. 72
Figure 2.3 Landfills and Surface Impoundments for Coal Combustion Residuals at the TVA Paradise
Fossil Fuel Plant73

Figure 2.3 shows the landfills and surface impoundments for coal combustion residuals at the TVA
Paradise Fossil Fuel Plant near Brakesboro, Kentucky. Coal combustion residue from the three coalfired generating units on site are disposed of separately in ash ponds, slag ponds, and gypsum
disposal areas.
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The lack of lining in most ash ponds has resulted in leachate impacting groundwater.74 In 2010,
over 30 coal ash disposal sites in multiple states were found to be connected to contaminated
water.75 The largest release of coal combustion residuals to date occurred in 2008 at an operating
coal plant in Kingston, Tennessee, when 300 acres of land were covered with wet coal ash.76
Drinking water was monitored and not impacted. This is principally a function of the trace levels of
contaminants and the relatively high flowrate in the river. Contaminants of concern were arsenic
and selenium. The ash spill was cleaned up at a cost of over $1 billion.77 78 In 2014, a storm water
drain at a retired coal-fired power plant in North Carolina ruptured, spilling 24 to 27 million gallons
of basin water from a 27-acre coal ash reservoir into the Dan River, which is the drinking water
source for many communities and is a primary feeder to Kerr Lake Reservoir. As with the TVA spill,
drinking water quality was not impacted, largely because of the low concentrations and high
dilution factor.79 A Duke University Nicholas School of Environment study found surface water and
groundwater surrounding coal ash ponds at about 20 coal plants in five southeastern states are
regularly contaminated due to unlined ponds.80 The water tested at all of the sites showed high
levels of arsenic and selenium. In over a quarter of the surface water examples, concentrations of
trace elements exceeded EPA drinking water and aquatic life standards.81 As a result of these
concerns, some utilities are voluntarily moving their coal ash out of unlined lagoons to dry landfill
storage and away from waterways. In June 2016, the Georgia Power Company announced that it
would be closing 16 of its 29 ash ponds at a cost of $1.5 to $2.0 billion82 These actions were chosen
since they were seen as financially prudent.83
The guidelines of the Toxicity Characteristic Leaching Procedure (TCLP) under the Resource
Conservation and Recovery Act (RCRA) are intended to prevent such leaching and releases.84 Dry
ash handling systems generally result in fewer accidental releases and smaller amounts of
leachate.85 While it is environmentally beneficial for ash ponds to be lined, it is common for them
not to be.86 However, under the new CCR Rule all new impoundment and landfill sites must be
lined.87 Exposure to windblown coal ash can be prevented by implementing dust masks and
regularly wetting open dry coal ash impoundments.88
Another constituent in coal ash is mercury. In 1999, the EPA found that despite implementing
safety nets for mercury, three-fifths of mercury captured by fly ash or SO2 control still escaped to
the atmosphere. Finally, naturally occurring radioactive constituents, such as uranium, are also
found in coal ash.89 Oak Ridge National Laboratory studies have found that in the case of a coal
plant and a nuclear plant producing the same amount of energy, the fly ash from the coal plant can
release up to 100 times the level of radiation produced at a nuclear plant.90 This is because some of
the radioactive constituents in coal become more concentrated in the ash after burning.91 However,
the U.S. Geological Survey has concluded that these levels of radioactive constituents are similarly
found in naturally occurring granite and shale.92 As a result, remediation for radioactivity in ash is
not required.
2.2.1.2 Beneficial uses of coal ash
About a decade ago, three-fifths of all coal ash was managed in storage and roughly 40% was used
in beneficial applications, primarily in construction material, by mixing it into concrete and drywall
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products.93 Between 2004 and 2014, the mass of fly ash produced from electricity generation
decreased from 70 million short tons to 50 million short tons, while the percentage of fly ash reused in beneficial applications increased from 40 to 46%. During the same time period, the mass of
bottom ash produced fell from 17 million short tons to 13 million short tons, while the percentage
of bottom ash re-used in applications increased from 47 to 49%. 94 The decrease in ash production
corresponded to a reduction in electricity generation at coal power plants.95 Nearly 50% of recycled
fly ash is used in concrete products, and about 15% is used for cement production. The largest
beneficial use of bottom ash is for road based materials and structural fill.96
Depending on the type of coal burned, different classes of fly ash are created. Class C fly ash is
typically produced by burning lignite or subbituminous coal. Class F fly ash is typically produced by
burning anthracite or bituminous coal. While class C fly ash possesses cementing and pozzolanicvi
properties, class F generally only possesses pozzolanic properties with limited cementing value.97
Approximately half of the concrete poured in the United States contains class C fly ash.98 The
American Coal Ash Association (ACAA) reports fly ash contains chemical and mechanical properties
that produce a durable, strong, and thick concrete that can double the average length of time a
highway can be used.99 Due to lessened need for virgin extracted materials, use of slag in place of
concrete can also reduce carbon dioxide emissions, and produce greater energy savings.100 Slag has
previously been effectively used as grit on roof shingles and blasting materials.101 In addition to use
as a structural fill, bottom ash can also be used to blast grit and ice traction control.102 However, the
recent CCR Rule establishes that the application of non-roadway structural fill greater than 12,400
tons must be in compliance with four criteria to be considered “beneficial use.”103 First, the CCR
must provide a functional use.104 Second, CCR must substitute for the use of a virgin material,
conserving natural resources that would otherwise need to be obtained through practices, such as
extraction.105 Third, the use of CCR must meet relevant product specifications, regulatory standards,
or design standards, when available, and where such specifications or standards have not been
established.106 Fourth, When unencapsulated use of CCR involving placement on the land of 12,400
tons or more in non-roadway applications, the user must demonstrate and keep records, and
provide such documentation upon request, that environmental releases to groundwater, surface
water, soil and air are comparable to or lower than those from analogous products made without
CCR, or that environmental releases to groundwater, surface water, soil and air will be at or below
relevant regulatory and health-based benchmarks for human and ecological receptors during
use.107 The application of fly ash to mine lands can help to increase the land’s alkalinity and capacity
to hold water so vegetative cover can expand.108 Recycling coal ash also frees up space in landfills.vii
109

Another beneficial use of coal ash has been to remediate coal refuse, a waste product of coal mining
that contains coal and other organic and inorganic materials. The greatest quantity of coal refuse in
the United States is in western Pennsylvania, with estimates of billions of cubic feet. Piles of coal
refuse can occupy hundreds of acres of unreclaimed mine lands resulting from mining operations
“Having properties of a porous variety of volcanic tuff or ash used in making hydraulic cement.”
http://www.dictionary.com/browse/pozzolanic
vii http://www.osmre.gov/programs/tdt/ccrs.shtm;
http://www.osmre.gov/programs/tdt/ccrs/docs/Coal_Combustion_Byproducts-ANPRM.pdf
vi
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before the establishment of many of today’s environmental regulations. Many challenges are
associated with coal refuse piles, such as refuse pile fires. Another environmental concern
associated with coal refuse piles is that acid runoff containing aluminum, iron, and other metals can
leak into surrounding creeks, streams, and rivers. Iron precipitates out of coal refuse piles as solid
iron hydroxide, contaminating water and turning it orange. A reclamation project in Revloc,
Pennsylvania, lasted over 20 years and cost $24 million.110 During the project, about three million
tons of coal ash was used to neutralize acidic compounds and over three million tons of useable coal
refuse was removed from the site. In addition to the 56 acres reclaimed, a nearby creek was able to
support aquatic life once more as a result of the project.111
2.2.2

Scrubber Slurry

The first and most common SO2 pollution abatement system is flue gas desulfurization (FGD). It
removes SO2 and other pollutants from the flue gas with limestone CaCO3 or lime Ca(OH)2, which
are used as scrubbers. The reaction of the scrubber with SO2 results in insoluble calcium sulfite
(CaSO3). Further reactions between oxygen and calcium sulfite can create gypsum
[CaSO4·2(H2O)].112
Wet FGD technologies have been traditionally preferred to dry FGD technologies. Wet FGD
technologies saturate exiting flue gas with water, while dry FGD technologies create dry byproducts
or materials. The most frequently used wet FGD sorbent is wet limestone, while the most common
dry FGD sorbent is lime spray drying. Both technologies are able to remove at least 95% of SO2.113
Both once-through and regenerable FGD processes exist. In the first case, spent sorbent is disposed
of or serves as a byproduct for beneficial use. No waste is produced in the second process.114
Fluidized-bed combustion (FBC) uses sulfur-absorbing chemicals, such as limestone or dolomite to
capture sulfur released by the combustion of coal.viii Based on Table 2.1, a 300 MW coal plant using
wet FGD produces 562 tons/day of CaSO4 (Anhydrite), while a FBC system at the same plant
produces slightly less (542 tons/day). In contrast, an IGCC plant captures 126 tons of elemental
sulfur from pre-combustion coal gasification.
Once-through processes are less expensive than regenerable, and as such have been utilized more
often.115 In a once-through process, spent liquids from scrubbing are moved to a clarifier for the
water to be reused. Spent solids, in a heavy slurry, are sent to the same ash pond as coal ash, and is
removed from the slurry.116 Stabilized scrubber material is used in road construction for paving and
embankments.117 Gypsum co-products such as building materials can be produced with a small
energy penalty. In fiscal year 2015, the Tennessee Valley Authority’s (TVA) Cumberland Fossil Plant
supplied 675,000 tons of gypsum as a feedstock to Georgia Pacific’s wallboard plant in Cumberland
City, Tennessee.118 This accounted for over 80% of the gypsum produced by the fossil plant during
the fiscal year. It also provided $2.25 million in revenue and $18.9 million in avoided disposal costs
for TVA.119 Roughly half of wallboards produced in the United States are created from recovered
gypsum. Gypsum can also be used to neutralize acidic soil and as a soil conditioner.120

http://energy.gov/fe/science-innovation/clean-coal-research/advanced-combustiontechnologies/fluidized-bed-technology
viii
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When methyldiethanolamine (MDEA), an aqueous solution, is used as a scrubber to remove
hydrogen sulfide and carbon dioxide from syngas in pre-combustion IGCC plants, 98% of the sulfur
pollutants in coal can be captured.121
2.2.3

Other Coal Wastes

Steam electric power plants create about 30% of all toxic pollutants regulated under the Clean
Water Act that are discharged into surface waters during industrial production (Figure 2.4).122 In
wet FGD systems, the flue gas comes in contact with a liquid stream which contains a sorbent that
removes SO2 from the flue gas. As a result, FGD wastewaters usually measure significant levels of
chloride, total dissolved solids (TDS), total suspended solids (TSS), and nutrients. Bioaccumulative
pollutants, including arsenic, mercury and selenium, are also found in FGD wastewaters. FGD
wastewater treatment processes include settling ponds, biological treatment systems, chemical
precipitation systems, constructed wetlands, vapor-compression evaporation systems, and other
technologies.123
Figure 2.4 Major sources of wastewater from coal power plants124

Another waste stream from coal plants is metal cleaning waste, which refers to any wastewater that
is produced due to cleaning a metal process equipment. This may come from cleaning equipment
that includes boiler tubes, boiler firesides, and air preheaters. Since boilers are constructed of
metals, typically copper, iron, nickel, and zinc, these are the largest constituents of cleaning wastes
from boilers. Metal cleaning wastes may also include sulfur compounds and chemicals that remove
scale and corrosion products. However, unlike most coal plant wastes, metal cleaning wastes are
typically generated infrequently, perhaps once every 10 years. Since these wastes have high
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pollutant concentrations and are generated so infrequently, plants may have separate wastewater
handling processes for metal cleaning wastes. These wastes are usually sent to an ash pond or other
surface impoundment.125
Another waste stream is created from coal pile runoff. This occurs when runoff caused by rainwater
and melting snow comes into contact with coal piles. Coal plants often store enough coal to last 30
days in an outdoor coal pile. The amount of runoff is dependent on the quantity of precipitation, the
capacity of the plant, the physical location and layout of the pile, and the extent to which water
permeates the ground underneath the pile. Coal pile runoff is usually acidic due to the oxidation of
iron sulfide and ferric hydroxide, and may also contain high concentrations of copper, iron,
aluminum, nickel, and other pollutants. Coal pile runoff wastewaters are often directed to a holding
pond with storm water runoff from other areas near the coal pile.126
Pollutants from coal plants can cause significant health and environmental challenges. These
include human cancer risks, decreased IQ levels for children, and fish and wildlife deformities and
negative reproductive effects. Many of these pollutants remain in the environment for years.127 Due
to their proximity to discharges and relatively high consumption of fish, some low-income and
minority communities are more vulnerable to exposure from pollutants found in coal plant
discharges.128 An EPA study found the population living within three miles of a coal plant was 48%
minority.129 This was 12% higher than the national average.130 Additionally, the 31% of the
population living within three miles of a coal plant was under the poverty level, 4% higher than the
national average.131
2.3

TRENDS IN COAL RETIREMENTS

The trajectory of recent closures of coal plants due to more stringent environmental regulation and
increased competition from natural gas plants mirrors Navigant’s estimates of coal plant
decommissioning revenue in the North American market between 2013 and 2020.132 In
combination with newly regulated coal ash handling, the planned wave of coal plant retirements
revenue from decommissioning will create a multi-billion dollars market for demolition businesses;
engineering; procurement and construction (EPC) companies; and environmental remediation
firms (Figure 2.4).133 134 The estimate considered conversion of coal plants to other fuel sources,
closure, and demolition, among other options.135
Already, the U.S. coal production industry is shrinking. SNL Financial estimates that only three of
America’s leading coal companies are currently demonstrating positive cash flows.136 McKinsey and
Company estimates that the coal industry as a whole is bankrupt, lacking $45 billion to fund its
debts and liabilities.137 While most financial analysts assume that coal will be a major fuel for
electricity generation for many years or decades to come, the U.S. coal industry is likely to see a
major restructuring.
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Figure 2.4 Coal Plant Decommissioning Revenue in North America: 2013 – 2020138 139 ix

2.4

DECOMMISSIONING

Decommissioning, also called plant retirement, occurs when a plant is deemed inoperable.
2.4.1

Waste Streams, Regulations, and Costs

As coal plants approach retirement and before decommissioning begins, the plant’s coal inventory
needs to be burned, shipped to another coal plant, or sold for other uses. The remaining inventory
to be managed is scrap metal, coal ash, scrubber slurries, and the common materials that
accompany power generation as described in Table 2.1. Burns & McDonnell characterized one plant
they decommissioned as having a large amount of high-value scrap metal that defrayed its project
costs by several million dollars.140 According to Martin and Mackinnon, the value of the scrap metal
from the plant on the open market will, in some cases, fully offset the cost of demolition. Going
forward, however, there is likely to be a glut of scrap supply, which will make such opportunities
more difficult.141
While coal-fired plants store large quantities of many chemicals, the chemicals themselves do not
produce many hazardous wastes. However, after canceling all orders for new chemicals, unused
chemicals should be properly disposed of or sold for use at other plants. The removal of asbestos
containing material (ACM) will be costly and require careful planning. The process starts by
assessing whether on-site or off-site landfills are used. However, ACMs may not always be
discovered until after the decommission process has begun.142 ACM’s will be described more in
common materials chapter.
According to Martin and Mackinnon, environmental remediation will be the most expensive phase
of many decommissioning projects.143 In particular, disposing of coal ash, typically stored in ponds
onsite, is challenging and costly.144 Project managers can dispose of coal ash off-site or import fillix

This only includes announced retirements as of 2013
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materials for inplace closure. Other options that may address coal ash include capping,
consolidating into a landfill, converting to wetlands, or reusing for beneficial applications.145 Table
2.3 was created based on engineering estimates from sample plants that are representative of
plants that utilize surface impoundments and considers the cost of closing these surface
impoundments. The table shows costs (in $2009) over a 20-year period using a 3% discount rate.
Capital costs were calculated by estimating the cost of converting wet fly and bottom ash handling
systems to dry ones, and installation costs of replacing surface impoundments with waste water
treatment capacity. Operating costs refer to the costs associated with operation, management, and
maintenance costs of waste streams and replacing surface impoundments with waste water
treatment plants. Two costs are listed for wastewater treatment plants (WWTP), capital cost and
operating cost, that are dependent on the presence of FGD. The WWTP capital cost for a facility with
a FGD is $120 million, while a facility without a FGD costs only $80 million. The difference in cost is
because FGD systems remove constituents that are costlier to treat before discharge. Similarly, the
operating cost for a facility without a FGD ($3 million) is less expensive than a facility with a FGD
($4.5 million). Based on Table 2.3, the annualized costs of phasing out coal ash ponds over a 20year period with a 3% discount rate are about $2.5 billion, or 6.3 million per unit.146
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Table 2.3 Costs of Phasing Out Ash Ponds at American Fossil Fuel Power Generation Facilities* 147
Cost Component
Affected Units
Unit Cost
Present Value Cost
Bottom Ash Conversion

397 Affected Generating
Units**

$30 million per unit

$10 billion

Fly Ash Conversion

15,000,000 tons

$200 per ton

$2.5 billion

Dry Materials
Management

20.6 million tons

$2 per ton

$400 million

Accelerated Pond
Closure

11.6 years of unused
capacity foregone

$280 million

$2.5 billion

WWTP*** Capital Cost

155 facilities

$80 million or $120
million****

$14.5 billion

WWTP Operating Cost

155 facilities

$3 million or $4.5
million****

$5.2 billion

WWTP Pond Capacity

155 facilities

$30 million

$4 billion

Additional Land
Acquisition Cost

N.A.

At-Risk Generation
Capacity

Unquantified

397 units
Unquantified
27,000 MW

Total NPV Cost

$39 billion

Annualized Cost

$2.5 billion per year

*Calculations based on a 3% discount rate.
**EIA Form 767 Database lists 128 facilities that manage bottom ash in surface impoundments. At these
facilities are 397 coal-fired boilers
*** WWTP is an acronym for wastewater treatment plant
**** The cost is dependent on the presence of a scrubber. Facilities with scrubbers (FGD) will require more
advanced units that are larger and more expensive ($120 million) than facilities without scrubbers ($80
million).

These cost estimates of $80-$120 million for converting wet fly and bottom ash handling systems to
dry ones at a typical U.S. coal plant are consistent with a TVA estimate. In 2009, TVA estimated that
the cost to convert its wet storage coal byproduct facilities to dry storage facilities, at all of its 11
coal-fired plants, would be $1.5 to $2 billion.148
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2.4.2

Decommissioning Options

2.4.2.1 Minimal Demolition and Idling
Plant owners have the option to idle a coal-powered generating unit, at the end of its planned
operational life. To do this, the plant owner must ensure that the unit meets the standards
necessary for compliance with environmental regulations. This can be done through ceasing
shipment of chemicals to the site required for daily plant operation, and ensuring access to the
plant is restricted to the public. Another strategy that project managers can employ is meeting
compliance standards, but also conducting minimal demolition of the plant.149
The value of these options is the flexibility they provide to plant operators as a hedge against the
possibility of rising natural gas prices in the future.
2.4.2.2 Full Decommissioning
Plant retirement, also called full decommissioning, occurs when a plant is deemed inoperable and
needs to be shut down permanently. Full decommissioning involves demolishing all structures on
the premises and dismantling all facility equipment.150 The waste streams, regulations, and costs of
full decommissioning are described in Section 2.4.1.
Before full decommissioning can begin, inventories are assessed, environmental impacts are
considered, and safety issues are evaluated. Planning the decommissioning process includes
identification of who will be responsible for completing the tasks of decommissioning. One option is
for the plant owner to oversee and undertake all tasks related to cleaning, decommission, and
demolition. Conversely, the utility company can oversee the project, but contract out the
decommissioning objectives. This can be done through either one contractor or multiple
contractors. A final choice is to contract for a turn-key operation so the plant is in acceptable
condition for the next owner. By the end of the planning process, the project manager should be
able to estimate the activities that need to be accomplished and a project schedule.
It is likely that most decommissioned sites will achieve brownfield status.151 The EPA defines a
brownfield as, “an abandoned, idled, or under-used industrial or commercial facilities where
expansion or redevelopment is complicated by real or perceived environmental contamination.”
Coal plants often fall in this category because of both the real and perceived fear of
contamination.152 An alternative is to repurpose the site.
2.4.2.3 Site Repurposing
Proposals have called for diversifying career opportunities in coal communities in an effort to
revitalize their economic fortunes. Industrial re-use can be a win-win for communities and the plant
owner: a redevelopment authority or government program may provide the plant owners with
financial assistance for the decommissioning and repurposing process, and the community gains
the benefits of a productive site for subsequent use by job-generating enterprises. Residential reuse would appear to be a costlier and difficult transition compared to industrial re-use for a coal
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plant site, but if a site has high locational value, it may be feasible to transition it to a new mixed-use
community development. Examples of industrial and mixed-use repurposing are emerging.
In Austin, the art deco Seaholm Power Plant was decommissioned in 1989. Since the 1990s, the
former coal plant has become the host of concerts and other special events. Now, plans are
underway to add a condominium/hotel, office space, restaurants, and retail space to the existing
buildings and land the power plant once occupied.153 Similar diversification is occurring at a plant
in northeastern Alabama. The TVA Widows Creek Fossil Plant recently announced land made
available from retiring coal units in Northern Alabama will be utilized by a Google data center.
In order for a site to be re-used in the future, it must be cleaned to comply with additional
environmental regulations. EPA maintains different standards for cleaning of a site after closing
dependent on whether the new property will be re-used for commercial, industrial, or residential
purposes. Knowing how the site will be used in the future can be pivotal in determining cost-cutting
measures. In order for the site to be repurposed, the coal yards need to be cleaned and exterior
systems, such as coal handling equipment, need to be moved from the facility site. All coal residue
present in the soil of the coal yard should be moved to an on-site ash landfill or surface
impoundment or off-site permitted facility.154 Should the soil need excavation, the coal yard
requires contouring for runoff of storm-water. Cleanup of the coal yard will typically require
development and adherence to a National Pollution Discharge Elimination System (NPDES)
Stormwater Pollution Control Plan.x
Additionally, power system components must be taken out of the plant. Permits for ash ponds must
also be amended to either be reused possibly as solid waste landfills or closed.155
2.5

CHAPTER CONCLUSIONS

The two largest forms of solid waste from coal-fired generation are coal ash (from the combustion
of coal), and “scrubber” slurry (from environmental controls at the plant). Coal ash is the second
most abundant waste material in the United States, after household waste. Both of these solid
wastes can impact local ecosystems when unplanned releases occur. The composition and quantity
of this solid waste depends on the type of coal burned, the power conversion technology used, and
the addition of environmental controls. These factors, in turn, influence the ability to recycle or put
the waste to productive reuse.
Between 2004 and 2014, the mass of fly ash and bottom ash produced from electricity generation
has decreased as a result of reduced electricity generation at coal power plants.156 Over the same
decade, the percentage of ash re-used in beneficial applications increased from 40 to 46% (for fly
ash) and from 47 to 49% (for bottom ash).157 It costs approximately $80-$120 million to convert
wet fly and bottom ash handling systems to dry ones at a typical coal plant. .158
With the increase in recent and forecast coal plant retirements, the nation is seeing an increase in
solid waste from decommissioning. Full plant decommissioning to brownfield status is costly, and
x

https://www.epa.gov/npdes
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conversion for re-use requires additional investments. It has been estimated that the planned wave
of coal plant retirements revenue from decommissioning will create a multi-billion dollars’ market
for demolition businesses, engineering; procurement and construction (EPC) companies; and
environmental remediation firms.159 Decommissioning of coal plants in 2015, for instance, was
estimated to cost approximately $500 million.160 Examples of industrial and mixed-use repurposing
of retired coal plants are emerging.
Most of the coal plants that are now being retired did not have decommissioning plans in place either
prior to plant construction or during a majority of their operational lives. There is no model approach in
place in the United States for preparing retirements plans for coal-fired power plants.
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3. NATURAL GAS AND PETROLEUM
The solid wastes produced by the operation and decommissioning of natural gas and petroleum
electricity generation are discussed together in this chapter because they have some common
attributes as fossil fuels. At the same time, their generation technologies are distinct, as is the
chemistry of their fuels.
Electricity generation from natural gas has grown rapidly in the United States over the past decade. By
2015, natural gas was used to generate 33% of the nation’s electricity, equal to the electricity generated
by coal. Petroleum, in contrast, is responsible for only 1%.161 Before the Arab oil embargo in 1973-74,
oil was a major source of electricity generation in the United States, but its contribution over time
has decreased substantially, and few new oil plants have been built in recent years. As a result, this
chapter principally focuses on solid waste from natural gas power plants.
3.1

BASIC OVERVIEW OF TECHNOLOGY

The two main technologies for natural gas generation are single cycle combustion turbines (CTs)
and combined cycle combustion turbines (CCs) that use exhaust heat to run a secondary steam
generator. Combined heat and power (CHP) systems cover another family of electricity generation
options for natural gas (and other fuels) that offer high levels of energy efficiency by recovering and
productively using waste heat. Despite its high penetration in Japan and many European countries,
it is still a “niche” technology in the United States. Fuel cells are emerging technology that typically
use hydrogen reformed from natural gas to generate electricity. Since CHP and fuel cell systems do
not contribute significantly to U.S. electricity generation, we will not discuss their solid waste
streams.
Electricity generation from diesel principally uses CTs, while oil-fired plants use steam turbines.
Petroleum is primarily used as a last resort for extreme peaking generation, partly because it
produces substantial amounts of air pollution including NOx, SO2 , PM2.5 and PM10. 162 In 2011,
petroleum electricity generation caused monetized pollution costs that are about one third lower
than coal electricity generation per MWh, but overall generation is very small and thus petroleum
power plants are responsible for only about 3% of total power generation monetized costs of air
pollution. In contrast, natural gas generation produces almost no SO2 emissions and less NOx, PM2.5
and PM10.. per MWh of electricity generation than either oil or coal. Air pollution from natural gas
power generation in 2011 caused monetized costs equal to about $1 billion per year, corresponding
to about 1%-2% of total monetized costs of air pollution.163
3.1.1

Natural Gas Combustion Turbines

Natural gas CTs are based on jet airplane engine designs. Air is first compressed by the turbine and
fed into the combustion chamber. Natural gas is then injected into the combustion chamber and
burned at roughly 2,000oF to produce a high temperature and pressure gas stream. This gas stream
is then expanded through airfoil blades that spin a turbine to produce electricity (Figure 3.1). Single
cycle turbines typically operate at efficiencies between 20 and 35%, but CTs can ramp up quickly to
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provide peaking resources;164 CTs are therefore used principally to meet peak demand for
electricity and can command higher prices per kWh than baseload power.
Figure 3.1 Natural Gas Combustion Turbine165

3.1.2

Natural Gas Combined Cycle Generators

Natural gas combined cycle (CC) turbines operate similarly, except that hot exhaust gas from the
combustion turbine is used to boil water and make steam that powers a secondary steam turbine.
They are more efficient than CTs because they re-use waste heat. However, CCs take longer to reach
their efficiencies (from a few minutes to about three hours depending on the design and the time
that the plant has been shut down166) due to the time it takes to make steam. Therefore, if the peak
is only two hours, then the added value of the steam cycle is lost. Like CTs, they are able to ramp up
and down more quickly than nuclear and coal plants. In addition to their relatively high efficiency
(about 50%167), they are increasingly preferred for intermediate load operation.
Figure 3.2 Combined Cycle Generator
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3.2

WASTE GENERATION AND MANAGEMENT

Unlike coal plants and nuclear reactors gas and oil-fired plants do not generate combustion ash or
nuclear waste. The unique solid waste concerns for gas- and oil-fired plants are the byproducts
from emission controls. However, considering the low adoption rate of these emission controls for
gas- and oil-plants, the solid waste from electricity generation is not considerable.
Because oil- and gas-plants produce CO2 and other air pollutants, they also generate solid waste
when they use environmental controls for air pollution mitigation. These solid wastes are similar to
the waste generated by environmental controls placed on the stacks of coal plants, especially for
most post-combustion removal technology. For example, selective catalytic reduction, one process
for the post-combustion removal of NOx, has been applied for treatment of flue gases from a variety
of emission sources, including natural gas- and oil-fired turbines, as well as coal-fired power
plants.168 These technologies generate a similarly small volume of pollution control waste when
applied to oil and gas as when applied to power plants; they therefore call for similar waste
management processes. Most of the flue-gas desulfurization technologies used in coal are also
applicable to oil- and gas-fired plants.169
In 2014, flue-gas desulfurization controls at oil- and gas-plants used dry/wet scrubbers similar to
coal plants: spray dry scrubbers accounted for 45% of the nameplate capacity of all plants with
flue-gas desulfurization controls, dry sorbent injections accounted for 13%, and wet scrubbers
accounted for 12%.170
Emission controls for particulate matter from oil and gas plants are also similar to those used in
coal plants. In 2014, 49% of the nameplate capacity of all units with flue-gas particulate matter
controls were done through electrostatic precipitator and 21% through fabric filters.171
In practice, few natural gas and oil plants have these emission control technologies. In 2014, only
2.4% (1,134 MW) of total nameplate capacity of oil plants and 3.9% (19,284 MW) of natural gas
plants had flue-gas desulfurization controls.172 The use of particulate matter controls is similarly
infrequent. Only 7.4% (3,452 MW) of the nameplate capacity of all oil plants in 2014 and 13.4%
(66,386 MW) of the nameplate capacity of all natural gas plants in 2014 had particulate matter
controls.8 The lack of controls is a reflection of the fact that emissions of criteria pollutants from oil
and natural gas plants are substantially smaller than from coal plants. A 2010 report by the
National Research Council estimated that natural gas plants emit 0.05 pounds of SO2, 2.3 pounds of
NOx, 0.11 pounds of PM2.5, and 0.12 pounds of PM10 per MWh while coal plants emits 12 pounds of
SO2, 4.1 pounds of NOx, 0.59 pounds of PM2.5, and 0.72 pounds of PM10 per MWh respectively (Table
3.1).173
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Table 3.1. Pounds of Criteria Emissions per MWh by Natural Gas Power Plants 174
Mean

Standard deviation

SO2

0.05

0.2

NOX

2.3

9

PM2.5

0.11

0.39

PM10

0.12

0.39

No national historical summary reports or publicly available data could be found to analyze how
much solid waste has been generated by environmental controls at oil- and gas-fired plants.
3.3

OPTIONS FOR DECOMMISSIONING OF GAS AND PETROLEUM POWER PLANTS

Preparation efforts for decommissioning oil and gas power plants must begin years in advance.
Similar to the decommissioning process of other plants, the site must be secured, cleaned, and
maintained according to environmental regulations.175 Planning usually begins by reviewing the
current conditions of the plant and assessing the risks and hazards of decommissioning the plant.
This includes the condition and security of buildings, above ground storage tanks, cooling towers,
fire suppression systems, and river water inlets. Elements of the assessment are based on
conducting a hazardous materials survey, a site underground survey, and a topographical survey.
The plant manager then develops a decommissioning plan with an emphasis placed on the
environmental and legal liability.176
There are three methods for decommissioning an oil or gas plant, considering the conditions of the
plants and the total budget.177


The first option that the utility can employ is “cold closure.” This occurs when the plant
becomes inoperable because the plant owner suspends power plant service. The term was
coined because systems that may not function due to freezing (such as boiler systems and
fuel tanks) are decommissioned, while materials regularly used in plant operations are
transported from the premises. The infrastructure of power plants remains intact and the
generation can be easily resumed by shipping in materials required.
 The second option is “selective demolition.” Under this method, demolition occurs in
phases. Fuel systems are defueled and tanks are cleaned, utilities are suspended, equipment
is re-sold or salvaged, and the dangers posed from hazardous materials are mitigated. In
this option, part of the infrastructure is removed and the remaining infrastructure will not
be used for electricity generation in the future.
 The final method is “total demolition.” In this form of decommissioning, the entire plant is
razed and all systems demolished.
These three methods will generate different quantities of solid waste. The first will generate a
relatively small amount of solid waste compared to the second and third, because it does not
require demolishing the infrastructure. However, in the latter two options, the decommissioning
processes commences with shutting down equipment including auxiliary boilers, preheat
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generator, and turbine units. Ultimately in both of these options, the cooling tower is emptied,
dismantled, and taken from the site, while it is not removed under “cold closure.”178
These decommissioning processes also generate solid waste from the treatment of on-site tanks or
pipes. Tank removal consists of cleaning the interior and exterior, leakage prevention, tank
dismantlement on-site, transport off-site and recycling as scrap metal. Alternatively, tanks may be
subjected to in-place tank decommissioning. After inspection, the residual heating oil and fluids
will be pumped from the tank, and then the tank is filled with an inert solid material such as a lean
concrete mix, foam, slurry, or sand. The choice between the two options is made based on the
physical condition of the tank, and the surrounding soil environment. However, the first option is
often favored because the removal avoids the relatively high cost of future leakage and soil
contamination, which are possible risks of in-place tank decommissioning.179
The common approach for crude oil and natural gas pipelines are in-place decommissioning, which
requires less demolition work and is considered to be more environmentally friendly and less
costly.180 Abandonment of crude oil and natural gas pipelines are regulated by the Pipeline and
Hazardous Materials Safety Administration, a U.S. Department of Transportation agency, under
Code of Federal Regulations Title 49 Subchapter D Part 192 and 195.181 The rule requires that
abandoned oil and gas pipelines first be “disconnected from all sources and supplies” of gas and oil
and then be cleaned using pressure-enhanced pipeline draining.15 Usually, part of the pipeline will
be removed to allow modifications and the remaining pipe is filled with grout or other inert
materials.15 Surfaces are then restored usually with a backfill process using existing material that is
not contaminated including gravel, sand, silt, clay, and soil.
3.5

DECOMMISSIONING: WASTE STREAMS, REGULATIONS, AND COSTS

The decommissioning of gas and oil power plants creates a variety of wastes that can be divided
into distinct categories based on their constituents, as follows: construction and demolition (C&D)
waste; general refuse; and chemical waste.182 C&D waste, general refuse, and some of the chemical
waste (including lead-acid batteries for turbine start-up and other electronics) are not unique to oil
and gas plants and are therefore covered in Chapter 6, which focuses on common wastes. Chemical
waste that is particular to oil and gas plants includes naturally-occurred radioactive materials,
which are relatively unique to oil and gas plants.
During the oil and gas combustion process, because naturally-occurred radioisotopes (NORM) are
not volatile, burning away the carbon leads to higher levels of radioactive waste in scale, sludge and
scrapings of the generator, tanks and pipelines.183. Radioactive material can also form a thin film on
the interior surfaces of gas processing equipment and vessels. The targeted possible radioactive
elements include primarily uranium and thorium. The level of radioactivity depends on the source
of the fossil fuels as well as the concentration effect of burning.184
Currently no federal regulations exist that specifically address the handling and disposal of NORM
wastes. However, several oil-producing states (Texas, Louisiana, New Mexico, North Dakota, and
Mississippi) have enacted specific NORM regulations.185 While these regulations focus on oil and gas
production sites, they are also applicable to decommissioning NORM contaminated solid waste. For
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example, according to Texas Environmental Protection, Subchapter F, NORM-contaminated
equipment must be decontaminated if it is to be released for unrestricted use (e.g., used for some
purpose other than for oil and gas activities). Texas does not allow the burial of NORMcontaminated equipment, but requires disposal of oil and gas NORM waste at a licensed facility by a
state NORM licensee.186
Unfortunately, it appears that no comprehensive studies have examined the disposal of NORMs
during the decommissioning of gas- and oil-fired plants. There are no consensus disposal
mechanisms or reliable cost estimations. It remains unclear how NORMs from decommissioning
should be treated or disposed.
There is no comprehensive public information, utility reports, or academic studies about the cost of
different decommissioning options. Few reports or articles cover the detailed cost of oil- and gasfired generation decommissioning, let alone specific to solid waste disposal cost associated with
this process. For example, the National Energy Technology Laboratory reported that for NGCC
plants, switchyard/trunkline system and decommissioning are together considered only as capital
costs and are equal to $0.0016/kWh, which does not include tank or other waste disposal.187 In
other studies, it was often assumed that the decommissioning energy use and emissions were 10%
of commissioning costs.188
3.6

CHAPTER CONCLUSIONS

During their operation, the only solid wastes associated with the generation of electricity from oiland gas-fired plants are emission control wastes. However, these wastes are relatively small in
magnitude because emission controls on gas- and oil-fired plants are relatively uncommon. In 2014,
only 2.4% of total nameplate capacity of oil plants and 3.9% of natural gas plants had flue-gas
desulfurization controls.189 The use of particulate matter controls is similarly infrequent. No national
historical summary reports or publicly available data could be found to analyze how much solid
waste has been generated by environmental controls at these oil- and gas-fired plants.
As to the decommissioning process, other than general solid waste that is specific to all types of
plants, chemical solid waste needs special attention. These wastes include the contaminated scale,
sludge and scrapings in the part of the generator, tanks, and pipelines. Thus, the focus of
decommissioning oil- and gas-fired generation is to safely dispose of chemically contaminated
equipment and parts. The disposal methods include removal and in-place decommissioning.
Depending on the situation of different equipment and parts, the detailed procedures can be
variable. However, there is a lack of comprehensive studies: the chemical solid waste is not fully
understood and the waste disposal plans are often not specific to the decommissioning process of
power plants.
Few reports or articles cover the detailed cost of oil- and gas-fired generation decommissioning.
Information on the cost of different decommissioning options is limited. Further, data on specific
solid waste disposal costs associated with decommissioning is largely nonexistent.
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Most of the natural gas and oil plants that are now being retired did not have decommissioning plans in
place either prior to plant construction or during a majority of their operational lives. There is no model
approach in place in the United States for preparing retirements plans for such fossil-fueled power plants.
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4. NUCLEAR
4.1

BASIC OVERVIEW OF TECHNOLOGY

Nuclear power plants use enriched uranium for fuel. This fuel creates a fission reaction that
produces heat to make steam for electricity generation. In the fission reaction, uranium atoms are
split inside a nuclear reactor. At the 99 commercial nuclear reactors in the United States, two types
of power reactors are used. Pressurized water reactors (PWRs), utilized at 65 reactors, use two
separate systems to produce electricity. Water is heated in the reactor, but not allowed to boil due
to the pressurized system. This water is then run through a heat exchanger, which heats water in a
second system to produce steam that drives a turbine. Conversely, boiling water reactors (BWRs),
utilized at 34 reactors, contain only one process system; water in the reactor is heated to form
steam, which drives a turbine.190
Since nuclear power plants are historically expensive to start and stop, cannot easily ramp up and
down, and are uneconomical to run at less than full capacity, they are only used as base load
generators. Although, research is underway to improve the flexibility of these plants.191 Nuclear
energy is one of the few energy resources that can operate without emitting pollutants including
carbon dioxide and sulfur dioxide. As a result, nuclear power is essentially a carbon-free energy
source.192 Its lifecycle GHG emissions, for instance, are approximately 29 tonnes CO2e per GWh,
which mainly comes from the construction of the plant.193 However, its nuclear waste requires
careful handling.
4.2

WASTE FROM GENERATION AND ITS MANAGEMENT

Although fuel rods lose the ability over time to produce enough heat to sustain power production,
they remain radioactive. Until used fuel radiation decays to background levels, it must be safely
managed.194 The nuclear industry produces about 2,200 metric tons of used fuel annually.195 xi
Nearly 72,000 metric tons of nuclear waste is currently managed at 75 sites in the United States
(Figure 4.1).196 This waste is either stored on site in cooling ponds (69%) or in temporary dry casks
(31%).197 There is currently no centralized storage facility or repository for commercial nuclear
waste in the United States. While other countries recycle spent fuel rods, this process is not
currently used due to economic and security concerns in the United States.198 Used fuel is
transferred to cooling ponds immediately after being removed from a reactor core. These nearby
cooling ponds can store thousands of cubic feet of water. Following decades of use, the ponds have
begun to reach their capacity. As a result, fuel is often moved to dry casks following an approximate
five-year cooling period.199
Dry casks are concrete or metal cylinders with walls that are on average about twenty inches thick,
approximately sixteen feet in length and eight feet in diameter. They are also designed to withstand
extreme natural disasters. The Nuclear Regulatory Commission (NRC) has approved over 20
different dry cask designs and regularly tests potential future designs. Casks are currently granted
20-year certificates of compliance. However, this license may be renewed for “extended operation”
xi

http://www.gao.gov/key_issues/disposal_of_highlevel_nuclear_waste/issue_summary
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following an evaluation.200 To be considered for renewal, the certificate holder must submit a
request to NRC with information describing (1) the capability of the cask design to meet technical
requirements and (2) the capability of loaded casks to continue to meet technical requirements for
another 20 years. The NRC then determines whether to renew the certificate in accordance with
NUREG-1927, “Standard Review Plan for Renewal of Spent Fuel Dry Cask Storage System Licenses
and Certificates of Compliance.”xii
Figure 4.1 Vertical Casks on a Concrete Pad Being Monitored xiii

Following fission, the atomic nucleus emits radiation as particles that also results in low-level
radioactive gases and liquid wastes.201 This radioactive waste is stored in on-site tanks until it
decays to a level so that it can be treated or released.202 When an item such as clothing, equipment,
or a mop becomes contaminated, this is considered low-level waste. Materials that are produced
within nuclear reactors as a byproduct of reactions (spent fuel) are considered high-level waste.
Low-level wastes are typically maintained on-site until the radioactivity decays to a level that
allows for safe disposal. As low-level waste decays to an acceptable level, it may also be transferred
to one of the four licensed low-level waste disposal sites in the nation.203 204
4.3

TRENDS IN NUCLEAR RETIREMENTS

Under the Atomic Energy Act of 1954, nuclear power plants are provided licenses for 40 years.
After 40 years, the license may be renewed for another 20 years.205 The NRC licenses for most
nuclear units in the United States end by 2040.206 NRC is considering subsequent license renewal
requirements, and will publish new guidance in 2017.207 The longer life extensions, if granted, will
postpone the decommissioning process for many nuclear units.208 SNL Energy has identified a
number of “at risk” nuclear plant units that could retire before their operating license expires,
amounting to a loss of approximately 10 GW of capacity operating at capacity factors that are
typically in the 90-100% range.209 These are in addition to the four nuclear units that shut down in
2014-15, and the five units that were announced to be retired in the near future: Entergy’s Pilgrim
http://www.nrc.gov/waste/spent-fuel-storage/sf-storage-licensing/cert-process-casks.html, Accessed
March 21, 2016.
xiii http://www.nrc.gov/reading-rm/doc-collections/fact-sheets/dry-cask-storage.html
xii
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Nuclear Power Station in Massachusetts and James A. Fitzpatrick Nuclear Power Plant in New York,
and Exelon’s Clinton and Quad Cities Nuclear Plants in Illinois, and Oyster Creek Generating Station
in New Jersey.210 211 212 213
At the same time, five new nuclear reactors are under construction: one at Watts Bar in Tennessee,
two units at Plant Vogtle in Georgia, and two units at V.C. Summer in South Carolina. NRC issued an
operational license in October 2015 for the Watts Bar 2 reactor. When it comes online, it will
become the first new unit to operate since the 1990s. Seven more reactors are awaiting licensing.214
4.4

DECOMMISSIONING: WASTE STREAMS, REGULATIONS, AND COSTS

Decommissioning refers to taking a nuclear reactor or facility offline and reducing residual
radioactivity to a level that allows either the release of the property for unrestricted use or release
of the property under restricted use such that public access is controlled.215 The decommissioning
process is being aided by evolving technology such as 3-D imaging that reduces the chances of
radioactive exposure by replicating the dismantling process in a virtual environment. Robots and
remote manipulators can also be used to study the severity of waste and assist with
decontamination.216 The NRC requires a plant to complete decommissioning within 60 years of
ending operations.
Since 1996, plant owners must provide NRC detailed decommissioning plans before the process can
commence. A plant licensee must provide the NRC periodic updates on the status of their
decommissioning fund for the nuclear reactors they own. Shortfalls precipitate penalties. Licensees
must perform operations in a manner that ensures the level of residual radioactivity on the site is
limited. They may also need to conduct surveys to determine if high levels of residual radioactivity
are found in the soil or water. The licensees must maintain records of this radioactivity, and other
levels of radioactivity at the site. Decommissioning costs and costs spent on fuel management must
be updated every year.217
Since the 1990s, the NRC has provided the opportunity for licensees to sell portions of facility land
if they meet NRC release criteria. In this case, licensees retain other sections of land that remain
under regulation of NRC for “independent spent fuel storage installations” (ISFSI).218 Further
regulation mandates that operators of new nuclear reactors outline how they will be designed and
operated in a manner that will simplify the decommissioning process. Since 2010, regulations
require plant operators to be more proactive in decontamination prevention and cleaning when an
accident does occur.219
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NRC and ISFSI licenses are issued first for decommissioning and then for dismantling (Figure 4.2).
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Figure 4.2 Decommissioning Related Activities During the Life Cycle of a Nuclear Power Plant 220
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The nuclear plant owner is responsible for all of the costs associated with decommissioning and
dismantling. Until 2014, plant owners also paid into the Nuclear Waste Fund that compensated DOE
for taking title to used nuclear fuel. Previous decommissioning costs of commercial nuclear reactors
have ranged widely from $100 million to $700 million.221 However, the majority owner of San
Onofre Nuclear Generating Station (SONGS) expects the cost of retiring three units will be over $4
billion.222 Officially, NRC estimates costs at about $350 million per reactor. Multiple factors
including location, size, and distance to disposal facilities affect the cost of decommissioning.223
Disposal of low-level radioactive waste is far more costly than disposal of solid or even hazardous
waste, and could be an order of magnitude more expensive, depending on the characteristics of the
waste.224 To help cover these costs, utilities place around 0.15 cents/kWh towards a
decommissioning fund to allow timely decommissioning by removing the most significant source of
radiation.225 Nearly 70% of the decommissioning fund for the United States fleet of nuclear reactors
has been collected.226 At this time, the average reactor requires another $300 million to cover the
costs of decommissioning.227
In the case of Connecticut Yankee, while a $400 million clean-up fund was established, this was
unable to cover the actual cleanup cost of $1.2 billion. The presence of strontium contamination in
both the soil and water caused the higher than anticipated costs. As a result, ratepayers paid the
difference.228
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4.5

OPTIONS FOR DECOMMISSIONING

In the coming decades, plant owners and regulators will have to decide if their aging facilities can
still provide clean and safe energy efficiently, and in a manner that is economically profitable. Over
time, the NRC must decide if it is better to renovate plants or to shut them down.229 If the decision
to shut down is chosen, the decommissioning process will commence.230
The drafting of a decommissioning plan during the construction phase has previously minimized
costs and simplified the decommissioning process.231 This plan is also advantageous in the event of
an unexpected sudden shutdown.232 The decommissioning process begins with the transition
period. During this timeframe, dangers should be removed and the facility should be placed in a
clearly stable condition. Reactors must be defueled. Plant owners should create a database of
materials and wastes based on how the materials and wastes are stored, treated, or disposed of.233
Three of the most paramount considerations when developing a decommissioning plan are the
radiological contamination, condition, and configuration of the plant. The amount and level of waste
are important to the planning process. Project managers must also choose between transferring
low-level waste for decontamination or decontaminating it on-site.234 Decommissioning requires
both managing and removing radioactive material. Planning prior to decommissioning should begin
at least five years before the plant is scheduled to close.235
About 99% of the radioactivity at a nuclear reactor is associated with the fuel that is removed
following permanent shutdown.236 Besides some surface contamination of the plant, radioactivity
also comes from steel that has been exposed to neutron irradiation, especially the reactor vessel
where stable atoms are changed into isotopes such as iron-55, iron-59, and zinc-65 that are highly
radioactive. However, their half-lives are short enough that the occupational risk to workers is
largely gone 50 years after the reactor shuts down.237
Two decommissioning methods (SAFSTOR and DECON) have been used in varying frequency since
the first United States nuclear reactors were decommissioned in the 1960s (Figure 4.3). The
International Atomic Energy Agency (IAEA) has established these three decommissioning options
worldwide. In all three options, waste is either stored in a dry cask or concrete, or transported to an
appropriate disposal site. The site is then decontaminated and structures dismantled.
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Figure 4.3 Methods Used to Decommission Nuclear Power Reactors in the United States, By Year of
Plant Closure 238

The images in Figure 4.4 depict the initial decommissioning process and the different
decommissioning strategies, followed by termination of the license.
Figure 4.4 Phases of the Decommissioning Process.xiv

Before Cleanup: Decommissioning plans are given to NRC, fuel is removed, and activities are
shutdown.
During Cleanup: SAFSTOR (Left), DECON (Middle), and ENTOMB (Right). NRC inspectors visit the
site, and a planning report and license termination plan are given to NRC.
After Cleanup: Dry casks are safely stored and monitored until disposal. NRC conducts a survey.
The license is terminated, and the site is released to the public or for other use.
4.5.1

Immediate Dismantling (“DECON”)

The first method, “DECON”, refers to immediate dismantling. Under this strategy, all radioactive
material is either stored in dry casks or removed. This enables the operating license to be
xiv

http://www.nrc.gov/reading-rm/doc-collections/fact-sheets/decommissioning.html
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terminated, while still maintaining the spent fuel storage license.239 Dismantling activities can
commence within months or years. Once the dismantling process is complete, most of the site can
be reused. This has been the most common approach used in the United States.240 A site can be fully
decommissioned and still have dry cask storage on it. This was the case with Maine Yankee. In these
cases, the site is partially released for reuse.
For example, San Onofre unit 1 was closed in 1992 and became an active DECON project in 1999
after considering the SAFSTOR option. Its decommissioning was largely completed in 2008. Units 2
and 3 were shut down in 2013, and they will eventually be dismantled.241
4.5.2

Safe Enclosure (“SAFSTOR”)

The second method, “SAFSTOR”, refers to deferred dismantling. Under this strategy, the fuel must
be permanently removed from the reactor, while the plant is maintained until the radioactivity has
decayed. Once this has occurred, the facility is decontaminated and dismantled.242 The period to
wait for residual radioactivity to decay is typically 50 years, which is when full decommissioning is
planned to occur.243 SAFSTOR decommissioning must be completed within 60 years.
Duke’s Crystal River Unit 3 is an example of using the SAFSTOR method at an estimated cost of $1.2
billion (excluding the cost of decommissioning at the end). Its costs will be fully covered by the
funds reserved for that purpose that have been accruing interest. SAFSTOR began in 2015 after fuel
was removed from the reactor; it will end with removal of the unit’s remaining components in 2070
and site restoration in 2074.244 Through most of 2019, the spent fuel is to remain in pools. After
that, it will be held in dry cask storage onsite until 2036. Once DOE accepts the spent fuel at a
federal facility, the cooling ponds will be drained, cleaned and filled in, and the turbine hall will be
dismantled and demolished and the waste removed or recycled. The site will then be leveled and
landscaped.245
4.5.3

Entombment (“ENTOMB”)

The “ENTOMB” method refers to placing radioactive materials in a structurally sound encasing like
concrete. The owner continues to monitor and maintain the facility. Once the radioactivity decays to
an acceptable level, the site can be vacated according to the permit. This option has never been
exercised by an NRC licensed plant.246 247 The only United States plants using the ENTOMB option
are all experimental reactors.
4.5.4

Discussion of Options for Decommissioning

SAFSTOR is a beneficial strategy to employ since the risk of workers being exposed to radiation
significantly diminishes.248 Additionally, advancements in technology will likely make
decommissioning less expensive in the future.249 However, this strategy faces the possibility that
NRC regulations will be amended, which may ultimately cost the plant manager more. DECON
removes this uncertainty with immediate dismantling, and also does not push the decommissioning
process onto future generations.250 251 However, the DECON method may lack a place to dispose of
highly radioactivity spent fuel. Depending on availability of disposal sites, a portion of the facility
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can be placed in SAFSTOR while the rest is in DECON.252 ENTOMB is a difficult strategy because of
the amount of radioactive material and length of time its half-life requires to decay. It is a more
viable option for smaller experimental reactors.253
4.6

CHAPTER CONCLUSIONS

Nuclear energy is a clean energy source that can provide baseload power with high capacity factors.
As a result, it is a valuable and nearly carbon-free energy source.254 However, its nuclear waste
requires careful handling. There is currently no centralized waste facility for nuclear waste in the
United States. for permanent disposal, so waste is stored at reactor sites in 35 states awaiting
construction of a permanent waste handling facility. Other countries recycle spent fuel rods, but
this process is currently not used in the United States due to economic and security concerns.
Decommissioning costs of commercial nuclear reactors have ranged widely from $100 million to
$700 million. In some cases, clean-up costs have exceeded $1 billion.255 256 Multiple factors
including location, size, and distance to disposal facilities affect the cost of decommissioning.257
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5. RENEWABLES
5.1

BASIC OVERVIEW OF RENEWABLE ENERGY

Renewable energy comes from resources that are continuously replenished by nature such as the
sun, wind, and water. Through the utilization of technologies, these resources are made into
useable forms of energy. Renewable energy is suitable for both large-scale and small-scale projects.
Due to the minimal production of air pollutants and limited needs for fossil fuels during normal
operations, electricity powered by renewable resources has lower environmental impacts than
conventional energy resources.
Renewable resources in the United States accounted for 13.5% of domestically produced electricity
in 2015xv , with hydroelectric power accounting for the largest share (46%). From 2009 to 2015,
wind electricity production almost doubled its capacity. Significant solar capacity increases have
also occurred since 2009.
The development of renewable energy is expected to grow in the coming years. EIA projects that
total renewable energy used in the power sector will increase by 8.7% in 2016 and 6.5% in 2017.
Solar PV capacity is expected to increase from 10 GW to 27 GW between 2014 and 2017.xvi Wind
capacity is expected to increase by 9% in 2016 and by 8% in 2017, accounting at that point for
5.6% of total generation. Because hydropower represents the largest share of U.S. renewable
energy resources, and wind and solar generation are the most rapidly growing renewable energy
resources, this report focuses on these renewable energy sources in addition to conventional power
generation systems.

xv
xvi

https://www.eia.gov/forecasts/steo/report/renew_co2.cfm
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Figure 5.1. United States Renewable Electricity Production (billion kWh) by Source 258 259
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In 2015, hydroelectric power was the largest source of renewable electricity in the United States,
generating about 6% of the nation’s total electricity. The most common form of hydropower uses a
dam on a river to hold a large reservoir of water. Water is then released through turbines to
generate power. Conversely, “run of the river” systems divert water from the river and direct the
water through a pipeline to a turbine. Many of these dams were pivotal to economic and social
development, enabling economic growth and contributing to national security. Thousands of these
existing dams now provide multiple benefits including management of water for industrial and
municipal supply, agricultural, flood control, recreation, and power generation purposes.260
With 79.64 GW of total capacity, there are 2,198 active hydropower plants in the United States.261
As shown in Figure 5.1, largest hydropower plants were built between 1930 and 1970. Nearly half
of the installed capacity is owned by federal agencies including the U.S. Army Corps of Engineers,
Bureau of Reclamation, and the Tennessee Valley Authority. According to American Rivers, 1,300
dams were removed to restore rivers between 1912 and 2015.262 Most recently, 62 dams were
removed in 2015.xvii Because the size and location of dams vary, the cost to remove an individual
dam can range from tens of thousands of dollars to hundreds of millions of dollars.263 It is estimated
that $16 billion is needed to rehabilitate the nation’s most critical dams.264 Since 2005, at least $6
billion has been spent in refurbishments, replacements, and upgrades to hydropower plants. 265

xvii

http://www.americanrivers.org/wp-content/uploads/2014/02/Dam-List-2015.pdf?c38e77
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Figure 5.2. Hydropower Plant Installation Timeline266

5.2.1

Regulations

Dams are owned and regulated by a variety of organizations within the United States. Roughly half
of the hydropower plants are privately or municipally-owned, and state regulated.267 On December
22, 2006, the Dam Safety Act of 2006268 was signed into law. This legislation aims to, “Reduce the
risks to life and property from dam failure in the United States through the establishment and
maintenance of an effective national dam safety to bring together the expertise and resources of the
Federal and non-Federal communities in achieving national dam safety hazard reduction.” The
Wetlands Protection Act and other wetland regulations acknowledge the importance of dam safety.
The Interagency Committee on Dam Safety (ICODS) was established in 1979, and encourages the
establishment and maintenance of effective federal programs, policies, and guidelines to enhance
dam safety for the protection of human life and property. Through technology and procedures, The
National Dam Safety Program ensures the safety of new and existing dams.
The Dams Sector-Specific Agencies actively collaborate with sector stakeholders to identify and
implement programs. One example is the National Dam Safety Program, which enhances the
protection and resilience of dams across the nation. The collaborative partnership between
government and non-government entities across the Dams Sector has resulted in the development
of various tools and products that focus on improving protection and enhancing resilience. For
example, the Risk Prioritization Tool for Dams helps decision makers understand important
contributors to dam risks.
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As a result of changes in regulations and electricity markets, the regulation of hydropower plants
has evolved over time. Introduction of new regulations including the Wild and Scenic Rivers Act
(1968), the National Environmental Policy Act (1969), the Clean Water Act (1972), and the
Endangered Species Act (1973) changed the way in which the environmental effects of hydropower
operations are mitigated. As a result of the Federal Power Act, all FERC licensed projects require
FERC be involved in a dam decommissioning project. The Clean Air Act (CAA) protects the quality of
the nation’s air resources, and promotes public health as a result. Due to the heavy construction
equipment, dam removal may also impact air quality. Since a large dam decommissioning project
can change the extent of flooding impacts, maps developed for the National Flood Insurance
Program may require updating. Although FEMA does not have statutory permitting authority for
dam decommissioning projects, it may be consulted by USACE during the permit review process.
Other renewable technologies, including wind and solar, have made significant use of federal tax
incentives to offset costs. The Production Tax Credit (PTC) and the Investment Tax Credit (ITC)
have been two of the most frequently utilized incentives. However, the hydropower industry
received less incentives than other renewable energy sources. Although, hydropower’s eligibility
for federal tax incentives has evolved significantly over time, and all recent additions and new
projects have offered incentives. Incentives provided by the American Reinvestment and Recovery
Act have helped both public and private owners to support project development efforts. This has
substantially eased project economics. The 1603 Grant Program, Clean Renewable Energy Bonds,
and Build America Bonds supported development activity of new hydropower plants ($1.6 billion)
by private owners.269
While state regulations vary by state, they are often similar to federal regulations. For example,
California has its own Environmental Quality Act (CEQA), Endangered Species Act (CESA), and
Clean Air Act (CCAA). The permitting requirements may also differ by state. For example, in
Connecticut, unless federally owned, a single state permit administered by the Department of
Environmental Protection (DEP) Inland Water Resources Division is required to remove a dam. The
Connecticut state permit application requires supporting documentation regarding dam safety
issues, as well as wetland, fisheries, and historical impacts. In Massachusetts, several state permits
are typically required to remove a dam. The project proponent must individually apply for permits
from various state agencies, such as the Massachusetts Department of Environmental Protection
(DEP) and the Office of Dam Safety. Local regulations vary by location and are specific to the project
area. Counties, cities, towns, and other local bodies may require a wide array of permits covering
areas including zoning, administrative uses, road encroachment, wetlands impacts and mitigation,
transportation, floodplain development, grading, hazardous materials, construction, operation,
burning, fugitive emission controls, air pollution controls, demolition, waste disposal, recycling, and
erosion and sediment control.270
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5.2.2

Decommissioning

The continuous operation of a hydroelectric plant often involves rehabilitation projects to address
safety and security issues, and to address any any licensing conditions. Hydroelectric upgrades for
power generation improvement are also typical. In addition, there are two options for
decommissioning a hydropower plant:
1. Partial Retirement: Retirement of only the hydroelectric facilities results in retaining the
dam and other structures. However, some rehabilitation of the structure for safety or
maintenance may be required. Partial retirement of the project facilities includes the
hydroelectric facilities, if present, and/or reduction in height or breach of the dam. In this
case, the dam is either reduced or eliminated, while some of the ancillary facilities may
remain intact.
2. Full Demolition: This is defined as a removal of the project and all appurtenant structures
that include rehabilitation or restoration of the affected project area. Reasons for removing
a dam could physical obsolescence, environmental concerns, economics, safety criteria, risk
reduction, and operating and maintenance costs. Many older dams also do not meet current
safety criteria for floods or earthquakesxviii. Thus, benefits provided by the dams such as
hydropower generation may not justify upgrading or rebuilding the dam. One of the
primary motivations for removing a dam is to protect fish and restore their habitat. Factors
that drive full demolition include costs, environmental impacts, funding, fish passage
requirements, public safety requirements, and river restoration.xix
The first step in the decommissioning process is to study all alternatives, including repairs and
upgrades. The main steps of the decommissioning process (provided by U.S. Society on Dams
[USSD]) are: review alternatives; select decommissioning; develop a consensus with stakeholders;
complete permitting/public information processes; lay out the impact assessments and engineering
design; complete an environmental impact statement (EIS) and legal applications; and then remove
the dam.271 Every dam removal process is different and will have site-specific engineering,
environmental, and community issues. Table 5.1 summarizes the general steps in a dam removal
project, based on the procedures specified by the state of Massachusetts.272

http://www.ussdams.org/c_decom.html
http://ussdams.com/proceedings/2012Proc/855.pdf

xviii
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Table 5.1. Dam Removal Stepsxx
Task
Initial Reconnaissance








Site Visit and Planning
Meeting
Feasibility Study










Working with the
Community






Final Engineering Design




Permitting

Project Implementation and
Construction

5.2.3












Description
Determine approximate dam age and history of modifications, dam owner and
point of contact, and current uses and legal rights associated with the dam and
impoundment
Assess land ownership around the impoundment and the dam structure
Identify potential infrastructure impacts: utilities, roads, bridges, etc.
Determine if the dam, impoundment, or adjacent land are any rare species habitat
based on Natural Heritage and Endangered Species Program maps
Assess historical land use to gauge sediment quality
Assess community interests/concerns associated with potential impacts to water
supply, flooding, recreation, historic, and habitat
Conduct a site visit with project proponent, dam owner, local, state, and federal
agencies to plan next steps
Collect existing data
Survey and map the site to prepare scaled plans and elevation drawings showing
existing conditions
Assess sediment quantity, quality, and mobility
Assess hydrology and hydraulics
Develop conceptual plans for: Removal or modification of structures, sediment
management, and channel and riparian habitat restoration
Analyze other site-specific issues such as utilities, infrastructure, wetland impacts,
rare or endangered species, and known historic or archaeological sites
Determine which federal, state, and local permits will be required, and complete
calculations necessary for those permits
Monitor the dam’s performance
Develop cost estimates and conceptual drawings of proposed project approaches
Stakeholder/community meeting(s) to review alternatives and obtain local
support for a preferred alternative
Pre-permitting meeting with local, state and federal planners and environmental
regulators, dam safety officials, and local historical commission to clarify and
confirm regulatory review requirements if necessary
Develop engineering design plans for the preferred alternative, which may
propose modification, or dam removal and stream restoration
Develop project specifications that specify necessary construction equipment,
material specifications and quantities, project sequencing, staging areas, and site
access
Provide an engineer’s cost estimate for construction
File all regulatory permits
Attend public hearings
Address public and regulatory agency comments and permitting conditions
Hire contractors
Drawdown impoundment
Address impoundment sediments as necessary
Remove dam structure
Restore stream channel
Revegetate impoundment

Issues Related to Dam Removal

Environmental Concern: There are multiple potentially beneficial and harmful environmental
considerations related to dam removal. Fish passage and/or dam removal would allow fish to move,
and therefore may affect the population size of specific species either upstream or downstream of
Text in this table is taken from a report “Dam removal in Massachusetts: A Basic Guide for Project
Proponents” http://www.mass.gov/eea/docs/eea/water/damremoval-guidance.pdf
xx
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the dam. Accumulation and storage of sediments in reservoirs are another concern during
decommissioning. This is because the suspended solids contained in runoff are likely to settle in the
quiescent reservoir waters. The quantity and type of sediment that has collected behind the dam is
critical. In industrial areas, these sediments may contain contaminants like metals, oil, grease, and
many other chemicals. In rural areas, agricultural operations may lead to contaminants such as
pesticides and herbicides. Accumulating sediments in reservoirs can contain noticeable levels of
carbon that may be released to the atmosphere upon dam decommissioning.273 Therefore, before
removing a dam, the sediments must be tested for toxins since these they may be carried
downstream, and may get deposited along stream banks, stream bottoms, backwater, and
floodplain areas. If mussels get affected, it may take years for them to re-establish their population.
However, it will take less than a year for macroinvertebrates. 274 Thus, the primary environmental
considerations for dam removal are fish habitat restoration, wetland creation and loss, and
sediment release
Economic Issues: The largest decommissioning economic concerns relate to operating and
improving an aging dam.xxi Thus, vigilant advance planning should consist of studying analysis of
alternatives, preliminary cost estimates, permitting requirements, and consensus-building with
concerned parties.275 Other economic losses due to discontinuing dam operation include flood
control, irrigation, power generation, recreational uses, etc.
The Elwha Ecosystem Restoration project on the Olympic Peninsula of Washington was the largest
dam removal project in history. The demolition project lasted from 2012-2014. The 108 foot Elwha
Dam and the 210 foot Glines Canyon Dam were removed to restore stocks of Pacific Salmon and
trout species to the Elwha River watershed. The removal of these blockades allowed migratory
salmon to travel past the dam sites and upriver, an event that had not occurred since the dams were
created in 1913.xxii These dams had virtually eliminated bed-material sediment supply to the river
downstream and formed large deltas upstream of each reservoir. Once released, the sediment
traveled downstream to the mouth of the river where a new estuary is believed to be forming.
These geomorphic alterations have important ecological implications. They affect aquatic habitat
structure, benthic fauna, salmonid spawning, and rearing potential and riparian vegetation. For
example, within a year of the Elwha Dam removal, an increase in salmon-derived nutrients was
documented in the American dipper.276 The response of the Elwha River system to the dam
removals provides a unique and important case study for future river restoration projects.277
Removal of Elwha Dam: The first step was to lower the reservoir’s water level by approximately 15
feet by using the existing water intakes and spillways. This began on June 1, 2011. A temporary
diversion channel was then excavated through the left spillway to allow further drainage of Lake
Aldwell. Temporary structures, acting as dams, were installed to direct reservoir outflow into the
temporary diversion channel. This allowed the remaining water immediately behind the concrete
dam to pump out, and the fill material behind the dam to be removed under dry conditions. The
concrete dam was then removed, and original river channel was restored. The powerhouse and all
Translating physical changes like number of fish, miles of riparian habitat, flow levels, etc. into economic
values is difficult.
xxii http://www.elwhascienceed.org/project-update/elwha-salmon-populations
xxi
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other structures were then removed, and the temporary diversion channel was refilled. Finally, the
site was re-contoured and revegetated to most closely resemble the pre-dam condition.xxiii The
timeline of deconstruction of the Elwha Dam, the most complex part of the three-year project, is
explained in Table 5.2.
Table 5.2. Deconstruction of the Elwha Dam xxiv
Task
1
2
3
4
5
6

Description
Open the four spillway gates on the south side of the dam to lower the
level of the Lake Aldwell reservoir 18 ft.
Remove the south gates and dig a diversion channel. Blast a 30 x 35 ft.
plug of bedrock in five stages and reroute the river through the gap.
Take out the north spillway and upper portion of the dam and install a
12- ft. wide road, in order to access the penstock tubes.
Remove steel penstocks and slide gates, the concrete intake structure
and powerhouse.
Haul out 200,000 cubic yards of rock, earth, concrete and fir trees that
were placed behind the gravity dam after a 1913 bust.
Remove the concrete gravity dam 7 to 10 ft. at a time using explosives,
and restore the natural river channel.

Timeline
1 month
3 months
1 month
5 months
8 months
2 months

Figure 5.3. Glines Canyon Dam on the Elwha River on September 6, 2011; Removal of Glines Canyon
Dam on January 19, 2012.xxv

5.3

WIND

Wind turbines capture the kinetic energy present in wind and converts it into electrical energy.
Utility-scale turbines are mounted on tall towers, usually 300 feet or more above the earth’s
surface, where the wind is faster and less turbulent.278 According to the American Wind Energy
Association (AWEA), wind energy reached 74.5 gigawatts (GW) of installed capacity with over

http://www.nps.gov/olym/learn/nature/dam-removal-overview.htm
in this table is taken from a report “How to Tear Down a Dam”
http://www.nps.gov/olym/learn/nature/upload/Elwha-Dam-in-Popular-Mechanics-2.pdf
xxv http://ussdams.com/proceedings/2012Proc/855.pdf
xxiii
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50,000 wind turbines, and about 8000 MW of wind capacity was installed in 2015.279 Wind power
grew by 13% in 2015 and is forecast to increase by 8% in 2016.280 In 2017, it is expected that wind
generation will account for 5.6% of total generation.281 This rapid rate of growth is due partly to the
extensions of the wind production tax credit (PTC) and the solar investment tax credit (ITC) that were
implemented by the Consolidated Appropriations Act in 2015. xxvi The PTC provides a 2.3 cent per kWh tax
credit for the first 10 year of production for plants that are under construction by the end of 2016. The PTC
was extended for five years, but the value of the credits decline over the 5-year period. The ITC provides a
30% tax credit for the cost of developing solar energy projects through 2019, when the credit declines
incrementally until 2022, when it expires for residential projects and drops to 10% for utility and
commercially operated solar projects.

5.3.1

Regulations

There are currently no national regulations for decommissioning wind plants. However, the U.S.
Bureau of Land Management (BLM) has modified existing regulations to aid in the development of
wind and solar energy on BLM land, and to establish competitive terms and conditions such as
rental and bonding requirements.282 For example, BLM requires that solar and wind energy
reclamation cost estimates include the three components listed below:xxvii
1. Environmental liabilities like securing, removal or use of hazardous materials and
substances, hazardous waste, herbicide, petroleum-based fluids, and dust control or soil
stabilization materials
2. The decommissioning, removal, and proper disposal of facilities
3. Interim and final reclamation, revegetation, re-contouring, and soil stabilization. This
includes the potential for flood events and downstream sedimentation from the site that
may result in offsite impacts; the area and acreage of disturbance; and the resources
affected by the project.
It should be noted that BLM regulations apply to federal public lands through right-of-way (ROW)
authorization. The BLM grants ROW authorizations in accordance with Federal Land Policy and
Management Act (FLPMA) and the BLM’s Wind Energy Development Policy. Decommissioning
process for a wind power plant must be approved by the BLM. Not many states in the United States
have decommissioning and bond requirements for wind power projects and rely on other
mechanisms to implement this.283 In Minnesota, the public utility commission develops rules to
govern the site restoration of large wind energy projects. Conversely, some states like Vermont and
Indiana need a decommissioning plan and financial assurance before the project is approved. Some
states rely on energy facility sitting evaluation committees for the decommissioning of renewable
energy facilities. These committees create a state-sponsored entity to review and check energy
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http://www.eia.gov/todayinenergy/detail.cfm?id=26492

xxvii

http://www.blm.gov/wo/st/en/info/regulations/Instruction_Memos_and_Bulletins/national_instruction/20
15/IM_2015-138.html
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facilities and infrastructure. For example, the Oregon Energy Facility Siting Council imposes
decommissioning standards on any facility within its jurisdiction through the site certification
process. It reviews the plan, estimates the decommissioning cost, and requires a bond be
established before the construction of the project starts. In South Dakota, local ordinances regulate
the decommissioning process of wind projects under 100 MW capacities. Anything over 100 MW
may require a bond or other guarantee for wind projects. It should be noted that state
decommissioning regulations are not common, since only a few states have requirements for
decommissioning wind projects (or renewable energy projects). There are no standard regulations
and no minimum bond requirements in such states, and projects are evaluated on a case-by-case
basis. Similarly, for wind projects on local land, the projects are evaluated case-by-case. Projects do
require a financial assurance in the form of bond to cover the cost of decommissioning and
reclaiming a site. These projects require approval by the appropriate county, town or regulatory
authority. For example, a wind energy project in Vermillion County was approved where the
developer was responsible for the full costs of decommissioning the project ($98,000 per turbine).
Table 5.3 lists states with renewable facility decommissioning rules.
Table 5.3. Summary of State Wind Decommissioning Policies 284
States

Renewable Facility Decommissioning
Rules/Fund

Hawaii

Yes

Indiana

Yes

Maine

Yes

Minnesota

Yes

New York

Yes, if over 80 MW nameplate capacity

North Dakota

5.3.2

Ohio

Yes, if over 5 MW nameplate capacity

Oregon

Yes

South Dakota

Yes, if over 100 MW nameplate capacity

Vermont

Yes

Decommissioning

Since solar and wind power plants possess relatively new technologies (younger than 30 years)
compared to other discussed power plants, there is comparatively little information on the
associated decommissioning practices and challenges of solar and wind power plants. Even the
oldest utility-scale wind power projects in the United States are only about twenty years old, while
wind power plants in most states are about a decade old.
Wind turbine generators that are presently available in the market have a life expectancy of over 20
years. The steel towers that support the turbines and generators have a simple and rugged design.
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With basic regular maintenance, the generators can last several years past their life expectancy.285
Following advancements in technology, the existing turbines can be replaced with more efficient
and cost-effective generators that extend the life of the project. This process is known as “repowering.”286 As of 2012, 75% of installed wind plant capacity was less than five years old and 8%
of the installed capacity was older than 10 years.287 In the United States, projects that continue to
operate after 20 years generally have little incentive to repower when the option to build new wind
projects is considered.288 Outside of California, repowering demand is not likely to have a noticeable
impact until the mid-to-late 2020s.
An important thing to note is that none of the utility scale wind power projects have been
decommissioned, and as a result there are no standard procedures for decommissioning.289 Some
landowners negotiate a decommissioning requirement into their contracts with the developers.
Some jurisdictions require developers to deposit a per-turbine decommissioning bond that cannot
be released until each turbine is decommissioned. Some states, including North Dakota, have
statutory requirements for decommissioning.
To date, there are not many wind decommissioning projects. As a result, details of decommissioning
wind projects are very limited. In some states, developers are required to have decommissioning
process and cost estimates ready with the commissioning plan. In general, the decommissioning
process of a wind plant consists of removing the turbine, destruction of concrete pads, restoring the
surface, and replanting and rebuilding the soil of disturbed land. Communication towers are taken
apart and removed which are then either disposed or recycled or reused.290 The BLM estimated that
the total cost of removal varies from $3,500 to $5,700 per turbine for 100 kW turbines
Based on the decommissioning of the Black Oak Wind Farm, some experience with the removal of
wind turbines and foundations is available. 291 Roads that have access to turbines may need to be
widened in order to move cranes or other machinery needed to disassemble and remove the
turbines. High value components will be stripped while remaining materials will be reduced to
shippable dimensions and transported off site. Control cabinets, electronic components, and
internal cables will be removed. The blades, hub, nacelle and tower sections will be lowered to the
ground where they will be further disassembled into transportable pieces. These will either be
transported for reconditioned and reused, or dissembled into salvageable, recyclable, or disposable
components. Parts that can be used again will be sold to the market for parts or installation
elsewhere.
Again based on the decommissioning of the Black Oak Wind Farm, the removal of turbine
foundations requires that the area surrounding the foundations be excavated so that all anchor
bolts, rebar, conduits, cable, and concrete to a depth of 36 inches below grade can be removed. Once
all the foundation materials are removed, the affected area will be filled and compressed with the
material of quality similar to the adjoining area. After this, the area will be cleaned by removing all
debris and vegetation is re-seeded.292
It appears that the cables and conduits in underground electrical systems do not contain any
material that is unsafe to the environment,293 and substations and transformers may be returned to
the transmission company or utility for possible recycle or re-use.294
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Figure 5.4 describes the decommissioning process of wind turbines.
Figure 5.4. Decommissioning of Wind Farmsxxviii

The cost of decommissioning is offset by the salvage value of the towers and the turbine
components. The estimated cost of the Oakfield Wind Project, $1,425,000, was calculated by
subtracting the salvage value from the decommission cost (Table 5.4).
Table 5.4. Decommissioning cost of Oakfield Wind Projectxxix
Category

Decommissioning
Cost [$]

Salvage
Value [$]

Net [$]

Project Management (contractor costs, equipment)
and O&M building removal

1,500,000

0

1,500,000

Site work/Civil (site reclamation)

1,070,000

0

1,070,000

420,000

0

420,000

1,901,000

3,500,000

(1,599,000)

Electrical Collector System

529,000

500,000

29,000,

Substation

199,000

194,000

5,000

Generator lead transmission Line

611,000

365,000

246,000

Total

6,230,000

4,559,000

1,671,000

Total Minus Generator Lead

5,619,000

4,194,000

1,425,000

Wind Turbine Foundations
Wind Turbine Generators (towers, hub, nacelle,
blades)

Some components of wind turbines are made of materials that can be easily recovered and have
good scrap value such as steel and copper. However, blades are hard to recycle.295 Parts made out of
xxviii

http://www.wsreclamation.com/category/wind-farms/

xxix

http://www.maine.gov/dep/ftp/WindPowerProjectFiles/Oakfield/Application/Volumes%20I%20and%20II
/Section%2029.pdf
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steel or valuable metals are recycled since they are economically valuable. Blades made from
fiberglass composite are difficult to the decommissioning process. So far information on the
management of the wind turbine parts for their end-service life is lacking since the majority of wind
turbines in operation in the United States have not met the end of their useful life. In general, the
solid and industrial waste generated during the decommissioning and dismantling of the facility can
be recycled and sold as scrap, or used in road building or bank re-stabilization projects. The
remaining nonhazardous waste should be sent to disposal facilities. The nacelle and hub may be
disposed in a designated landfill or may be processed to remove steel parts to sell as scrap. Blades
and cable will be disposed of in a landfill. Towers will be dismantled and sold as scrap steel.
Refurbishing and reusing turbine components, power cables, foundations and transition pieces are
not suitable due to the age of the components at the time of removal and heavy wear and tear
during their lifetime.296 Steel, copper, aluminum, and copper are sold as scrap for recycling. Blades
are cut into smaller pieces and are then further crushed, shredded, and milled down. Cables and
electronic equipment are delivered to a recycling company that separates them into metals for
recycling, plastics for energy recovery, and toxic materials for disposal.
One windfarm that was decommissioned in southwestern Australia consisted of six 60 kW turbines.
This farm began in 1987 and operated for 15 years.297 It was decommissioned since aging turbines
and advancements in technology made building new wind plants more cost effective than
retrofitting old wind plants. In the United States, some wind farms have been abandoned. This was
the case for Kamaoa, a wind farm in South Point, Hawaii, and Tehachapi wind farm in Southern
California. While Kamaoa was decommissioned by Apollo energy in 2012, some abandoned wind
turbines remain around the Tehachapi area.298
There is limited information about material recycling issues from wind farm repoweringxxx. BLM
currently has clear decommissioning guidelines in place for facilities located on BLM lands, but
there are currently no guidelines for facilities located on private lands. With advancements in
technology, repowering wind turbines with new upgrades will improve the energy efficiency these
new turbines can achieve. In California, the wind turbines that were built in the 1980s and the
1990s represent the primary opportunity for repowering in the United States (~2 GW). However,
this has been limited due to policy and regulatory factors.xxxi Some of the potential benefits of
repowering wind turbines are increasing renewable energy production due to higher capacity
factor, using existing infrastructure such as roads, substations resulting in lower installation costs,
and using new technology that can better support electrical grid with better power quality.299.xxxii
xxxiii

5.4

SOLAR

Solar power in the United States consists of utility-scale solar power plants and local distributed
generation. Over the past several years, there has been a significant growth in small scale
http://www.windpowermonthly.com/article/1124486/complexities-recycling-begin-bite
http://www.nrel.gov/docs/fy15osti/63591.pdf
xxxii http://www.energy.ca.gov/2008publications/CEC-300-2008-004/CEC-300-2008-004.PDF
xxxiii http://www.windpowermonthly.com/article/963892/repowering-projects-completed
xxx

xxxi
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distributed solar photovoltaic (PV) systems (residential and commercial rooftop) and further
growth is expected in the coming years in part as a result of the recently extended investment tax
credits for solar that were recently extended.
Another type of solar PV system is concentrating solar power (CSP); it has the capability to deliver
reliable energy to hundreds of thousands of customers. Depicted in Figure 5.4, total solar
generation capacity is 29.3 GW, installing 7,286 MWDC of solar PV in 2015 (17% above 2014), as of
Q1 2016 in the United States.300 301 The residential solar market now represents 20% of the total
American solar market, while utility scale solar PV represents over half of the all solar PV installed
in 2015 (Figure 5.5). 110 MWAC of CSP capacity was added in late 2015 with the start of
SolarReserve’s Crescent Dunes Project.
There are various types of solar PV. Polycrystalline solar cells, also known as polysilicon, are much
more affordable, and operate at 13-16% efficiency. They are less space efficient, but have a lower
heat tolerance than monocrystalline. Thin film solar cells have an efficiency typically of 7-13%. By
2011, 5% of the solar cells in market were thin film solar cells. Due to ongoing research, it is
expected to achieve efficiency of 16% in the coming models. They require a great deal of space,
which makes them difficult for residential applications since rooftop space is usually at a premium.
Cadmium telluride solar cells can be cost effective in certain markets, and their efficiency is in the
range of 9 to 11%. Copper Indium Gallium Selenide (CIGS) Solar Cells are similar to crystalline
technologies in terms of efficiency (10-12%)302 and are mostly used for larger applications. These
are still in the nascent stages of research and are not widely deployed on a commercial scale.
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Figure 5.5. American Solar PV Installations303

Figure 5.6. Share of American PV Installations by Segment304
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5.4.1

Regulations

The main components of solar panels are steel, concrete, glass, and copper which do not pose any
threat to the surroundings. Numerous regulations oversee manufacturing chemicals and materials,
and disposal of PV components such as Toxics Release Inventory (TRI), Materials Safety Data Sheets
(MSDSs), Resource Conservations and Recovery Act (RCRA), and Toxicity Characteristic Leaching
Procedure (TCLP) standards. There are no standard regulations for decommissioning of solar PV,
similar to wind projects (Figure 5.6). Different states have their own regulations, refer to Section
5.3.1. Similar to wind projects, the applicant shall submit a decommissioning plan for review and
approval as part of the commissioning application. The decommissioning plan shall identify
expected life of the project, method and physical process for removing all components, returning
the site to its pre-existing condition, and an estimate of decommissioning costs including salvage
value. Majority of the solar panels are expected to reach their end-of-life over the next few decades.
In the United States, there is no state or federal regulation to recycle its components.305 However,
there are several solar companies coming up to recycle on a voluntary basis. Some manufacturers
offer end-of-life recycling options. This allows for the recycling of the PV panels and prevents issues
with the hazardous materials. Many solar companies are looking into recycling concerns not only in
the United States, but globally. For example, PV Cycle, a European-based voluntary agreement,
assists in recycling PV modules after they retire.
The Federal Resource Conservation and Recovery Act (RCRA), and state policies govern waste and
disposal of solar products when it reaches end-of-its life. RCRA only governs hazardous waste that
cannot pass the Toxicity Characteristics Leach Procedure test (TCLP). The majority of solar panels
are not harmful, and thus are not regulated by RCRA.
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Table 5.5. Summary of State Solar Decommissioning Policies306
Renewable Facility Decommissioning
Rules/Fund
Statewide decommissioning rules and
financial security requirement xxxivunder
certain circumstances.
Statewide decommissioning rules apply
under certain circumstances. No requirement
to provide financial security.
Statewide optional certification process.
Includes site restoration and financial
security requirements.
Statewide requirement to submit a
decommissioning plan under certain
circumstances.
No statewide policy; local government
ordnances that address solar siting must
address decommissioning.

States
CA, HI
NJ
WA
LA, NE, NH, OK, VT
VA
AL, AK AR, AZ, CO, CT, DC, DE, FL, GA, IA, ID,
IL, IN, KS, KY, MA, MD, ME, MI, MN, MO, MS,
MT, NC, ND, NM, NV, NY, OH, OR, PA, RI, SC,
SD, TN, TX, UT, WI, WV, WY

5.4.2

No statewide policy, local government
authority.

Decommissioning

During decommissioning, PV modules must be removed from racks, and the racks must be
dismantled. These are stored temporarily on-site until they are transferred by trucks to appropriate
facilities like recycling sites or back to the manufacturer. Similarly, inverters and associated
components must be transported to an appropriate site. All solid and hazardous waste should be
disposed as per local, state, and federal waste disposal regulations. Finally, re-vegetation of the site
is done to minimize erosion and disruption of vegetation.
The manufacturing process of PV cell includes hazardous materials such as hydrochloric acid, sulfur
acid, nitric acid, hydrogen fluoride, 1,1,1-trichloroethane, and acetone. Depending on the type of
and size of silicon wafer, the amount of chemicals used varies. Thus, it is important to dispose of
waste products properly. If these materials are not handled and disposed of properly, it could result
in serious environmental threats. However, manufacturers receive strong financial incentive to
ensure that materials are recycled properly.307
In the Apple One Solar Farm Decommissioning Plan, an estimated decommissioning cost was
provided.308 The total projected site demolition cost is $560,920, the projected site restoration cost
is $18,000, and the projected salvage value is $1,019,300. Thus, the projected new
decommissioning cost is -$440,380. This means that the recycling value of the raw material for the
solar array will exceed the removal costs and provide a net gain.

xxxiv
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Table 5.6. Projected Site Decommissioning Cost309
Estimated
Task
Unit Price [$]
Quantity

Total [$]

Fence Removal

13.00

6,545

85,085.00

Racking frames

500

595

297,500.00

Racking posts

6.50

2,975

19,337.50

Solar Panels

4.00

22,600

90,400.00

Inverters

1,500.00

8

12,000.00

Transformers

1,200.00

8

9,600.00

Wire (Copper)

0.50

10,000

5,000

Wire (Aluminum)

0.50

18,000

9,000

Concrete removal

6.00

5,500

33,000

Grand Total
$ 560,922.50

Table 5.7. Projected Salvage Value310
Unit Price [$]

Estimated
Quantity

Total [$]

0.16

178,500

28,560.00

0.87

728,280

633,603.00

Fencing

0.15

31,600

4,740.50

Solar Panels

14.00

22,600

316,400.00

Inverters

2,500.00

8

20,000.00

Transformers

2,000.00

8

16,000.00

Task
Steel Racking Posts: 2,975 posts @ 60
lbs
Aluminum Racking: 595 Racks @
19.5M

Grand Total
$1,019,303.50

The lifetime of an inverter is approximately 10 years, and it is recommended to replace a solar
inverter that is over 10 years old with a new inverter. This is because the cost is quickly recovered
by much higher yield. However, there is not much information on how many solar inverters have
been replaced so far, or if they have been any recycling or disposal issue.
5.4.3

Recycling

As the solar installations in the United States grow, the industry is planning ahead to create
recycling programs. Solar Energy and Industries Association (SEIA) members are working on
developing recycling processes for the solar industry and federal regulations that support safe and
effective recycling models.xxxv
Deustche Solar and First Solar are two companies that implement recycling processes for their
solar panels.xxxvi First Solar has implemented a recycling program and has been able to reduce its
xxxv
xxxvi

http://www.seia.org/policy/environment/pv-recycling
http://www.firstsolar.com/en/Technologies-and-Capabilities/Recycling-Services
60

manufacturing cost by retrieving materials from its damaged and scrap modules. Deutche Solar’s
recycling process for the recycling of crystalline silicon panels was designed in 2003.311 Plastic
components are separated from the panel through a thermal process, while the remaining parts are
removed manually. Once the components like glass, aluminum, steel, etc., are separated, they are
sorted and placed into their respective recycling processes.
The PV modules can be divided into three components: metal, glass, and silicon wafers. The metal
and glass can be recycled using the current recycling infrastructure, while silicon wafers can be
processed into new solar cells using standard solar cells production processes. Efficiencies of
reprocessed monocrystalline cells range from 15% to 16.4%, and reprocessed polycrystalline cells
have efficiencies ranging from 12.7% to 15.9%. These efficiencies increased from the original levels
due to improved cell processing technology. Using silicon wafers reclaimed from end-of-life PV to
create new solar cells is a viable recycling method due to an increase in efficiency because of
improved cell processing technology.xxxvii
First Solar’s treatment process for their CdTe panels was developed in the late 1990s and was
established in 2003. First Solar can recover 90% of the glass and 95% of the semiconductor
materials and reuse these in new PV panels. However, due to the lack of panels at their end-of-life,
the recycling process is mainly used for recovering materials from broken panels or manufacturing
scraps.312

xxxvii

http://2011.solarteam.org/news/recycling-methods-for-used-photovoltaic-panels
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Figure 5.7. Recycling Processxxxviii

5.5

CONCLUSIONS

Renewable energy, especially solar and wind, is a clean energy source and is expected to grow
rapidly in the coming years. Growth in the development of new and expanded hydropower plants
has been slow in part because of changes in hydropower regulations and electricity markets.
However, with increased interest in the renewable industry, hydropower plants are receiving
attention once again. The partnership between government and non-government entities across
the Dams Sector has resulted in the development of a variety of tools and products focused on
improving protection and enhancing resilience. The environmental considerations for dam removal
are fish habitat restoration, wetland creation and loss, and sediment release. The economic issues
for decommissioning a dam are related to improving an aging dam. Dam removal projects have
previously ranged from $50,000 to $400,000 in total costs.
The majority of wind turbines and solar systems in operation in the United States today have not
met the end of their useful lives. As a result, there is limited information on the decommissioning of
these power generation facilities since most of them have not yet reached the end of their 20-30 life
expectancy. In the case of solar and wind power, there are no state or federal regulations in the

xxxviii
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United States to recycle its products. There are no standard procedures to decommission wind and
solar plants.
As a result, many questions about solar and wind power remain. What metals and semiconductors
are recycled, what percent of the solar panels/wind turbines can be recycled, and what happens to
solar inverters after their 10-year life expectancy ends? To summarize, the wind and solar industry
are still in the early years of development and significant decommissioning activity is not expected
for decades. Nevertheless, addressing these issues early can help avoid decommissioning problems
later.
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6. OVERVIEW OF COMMON WASTES AND DECOMMISSIONING PROCEDURES FROM THE
ELECTRICITY SECTOR
The common waste streams produced by the decommissioning, demolition, and retirement of
different types of power plants are described in this chapter. Most nuclear and fossil-fueled power
plants have common features such as powerhouse equipment, buildings and structures,
transmission towers, power electronics, and transport infrastructure to receive and deliver
supplies. Some of these same features are present at hydro, wind, and solar plants, as summarized
in Table 1.3.
Fuel storage and waste streams from energy resources tend to be more particular to different types
of energy technology and fuel systems as discussed in previous chapters. For example, coal-fired
power plants produce coal ash and scrubber slurries, while nuclear power plants produce low- and
high-level nuclear waste. Most renewables produce minimal solid waste during their operational
phase, but upon retirement, they have end-of-life waste products such as power electronics and
T&D equipment and devices that are common to most electricity generating technologies. These
solid wastes are described in this chapter.
6.1

FACILITY MATERIALS

6.1.1

Construction Materials

Much of the brick, concrete, and metal used to build structures at power plants can be recycled,
even from nuclear power plants since most of these materials do not become radioactive.313 While
the sorting and recycling aspects of plant decommissioning can be unique to different electricity
technologies and fuels, much of it is common. Indeed, the volume of common solid waste from
retired electricity generation facilities is rapidly growing. However, public information sources
describing the extent of this recycling activity are not available.
The U.S. is in the process of handling a rapid and large influx of materials from retired power plants,
such as concrete, brick, and metal. New infrastructures for recycling materials and reusing parts
could help manage this influx of solid waste from the growing number of retired power plants.
To illustrate the magnitude of the solid waste challenge facing the electricity industry, consider the
steps taken by AEP to dismantle its long-idled Tidd Coal Plant in Ohio, and to take advantage of
opportunities to recycle its concrete and brick. A large excavator/shearer machine, one of the
largest of its type in the world, was used to tear down the structure (Photo 6.1). Workers at the
Tidd Coal Plant ground up the material, so that it could subsequently be used to backfill the facility’s
basement. This saved AEP the expense of hauling and disposing of this material, and of having to
bring in other backfill material.314
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Photo 6.1 Demolition of the Fluidized Bed Coal Combustor Building at the Tidd Plant 315
A large excavator/shearer machine

Sorting and hauling away debris

As with most plant demolition projects, The Benning Road power plant demolition in Maryland was
able to harvest electrical busbar, connectors, condenser tubes, wire, copper and building steel,
providing a $7.7 million credit.316 Photo 6.2 shows some of the effort required to sort through such
large-scale waste.
Photo 6.2. View of Salvage Operations to Harvest Non-Ferrous and Ferrous Material Following Power
Plant Demolition317
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Industrial wastes like lubricating oils, hydraulic fluids, dielectric fluids, coolants, solvents, and
cleaning agents are managed just as maintenance wastes are treated during operation: they are put
in containers, characterized and labeled, stored briefly and transported to an appropriate off-site
disposal facility by a licensed hauler. Their disposal must comply with numerous regulations.
Impacts could be serious if these wastes are not properly handled and are released to the
environment. Several specific toxic waste streams are highlighted below.
6.1.2

Asbestos

Power plant decommissioning has the potential to produce hazardous wastes if the property has
asbestos. The Asbestos National Emission Standards for Hazardous Air Pollutants (NESHAP)
regulations specify work practices for asbestos to be followed during demolitions and renovations
of all structures, installations, and buildings.318 The regulations require the owner of the building or
the operator to notify the appropriate state agency before any demolition, or before any
renovations of buildings that could contain a certain threshold amount of asbestos or asbestoscontaining material. The demolition cannot emit visible emissions into the outside air and must
follow air cleaning procedures and other requirements when removing asbestos-containing waste
(Photo 6.3).xxxix Asbestos is typically left at the plant and is inspected and maintained until removal
with the demolition of relevant structures.319
Asbestos management can be challenged by poor record keeping. Some structures are found to
have asbestos only after decommissioning has begun. Also, many structures within a plant cannot
be tested until the plant is fully powered down (such as those surrounding boilers, turbines, and
heat recovery units), adding risk to the decommissioning project.
Asbestos from decommissioned power plants is usually transferred to an asbestos landfill.320 There
are multiple asbestos landfills in nearly every state.321
Photo 6.3. View of Asbestos Containment Area During Demolition 322

xxxix

The photos are from EPA: http://www.epa.gov/asbestos/asbestos-laws-and-regulations
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6.1.3

Lead

The demolition of buildings has the potential to produce hazardous wastes if the property has leadbased paint (LBP). LBP was widely used on buildings before 1978 when it was banned from
residential structures by the Consumer Product Safety Commission. Prior to the 1950s, paints
contained as much as 50% lead by weight. Lead is a pollutant regulated by many laws administered
by EPA, including the Toxic Substances Control Act (TSCA), Residential Lead-Based Paint Hazard
Reduction Act of 1992 (Title X), the Clean Air Act (CAA), and the Clean Water Act (CWA), among
others.323 Because whole-building demolition debris is not likely to exceed the toxicity
characteristic standard for lead (assuming it is handled as a single, whole waste stream), some of
these regulations do not apply to the total demolition of a structure. Thus, there does not have to be
remediation of the ground after demolition due to contamination from paint, unless the site is being
prepared for re-use.
Lead-safe work practices can minimize lead-based paint exposure via the dust and debris generated
during demolition activities. These practices include:




containing dust inside the work area
using dust-minimizing work methods
conducting a careful cleanup during the demolition.324

At a minimum, surfaces are typically wetted when possible to control the spread of leaded dust into
the air, as shown in Photo 6.4.
Photo 6.4. Management of Dust During Demolition 325
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6.2

POWER ELECTRONIC WASTES

6.2.1

Polychlorinated Biphenyls (PCBs)

Polychlorinated biphenyls (PCBs) are a class of toxic chlorinated compounds (known as congeners)
that are either oily liquids or solids. These chemicals are widely used in the utility industry as
dielectric fluids in transformers and capacitors, as hydraulic fluids, and in fire-retardant materials.
Capacitors are passive elements in a power converter that use PCBs because of their excellent
dielectric properties and low flammability. However, when burned they release toxic chemicals
with well documented harmful effects on human health, and they are not readily biodegradable.
Small quantities of PCBs are used in capacitors in fluorescent lamps, in electric motors, in magnets,
and in larger quantities in devices such as power factor correction units. As a result, countries
began eliminating PCBs from power electronics in the 1980s, and the United Nations
Environmental Program (UNEP) is attempting to eliminate the use of PCBs entirely by 2025.326
Because of their adverse health effect, the Toxic Substance Control Act (TSCA) banned the
production of PCB after 1978 [Section 6(e)]. The disposal of every piece of equipment or material
containing more than 50 ppm of PCB must be handled according to the standards outlined in TSCA
(40 CFR 761.60). In certain circumstances, wastes with a PCB concentration of < 50 ppm must also
meet the disposal requirements of 40 CFR 761. PCB wastes with a PCB concentration > 50 ppm
must be disposed of in a TSCA incinerator, TSCA chemical waste landfill, or by an EPA-approved
alternative method.327 Even during temporary storage and shipment, compliance with regulations
must be maintained.328 About 60 commercial storage facilities throughout the country have been
approved under 761.65 (d). Among these facilities are ten chemical waste landfills, eight scrap
metal ovens, seven incinerators, five chemical dechlorination facilities, four fluorescent light ballast
recycling facility, and one PCB electrical cable processing plant for metal recovery.329
6.2.2

Other Toxic Waste from Power Electronics

Power electronics are a growing feature of electric systems, including uninterruptible power
supplies (UPS), transformers, fault current limiters, circuit breakers, metal oxide semiconductor
field effect transistors (MOSFETS), insulated gate bipolar transistors (IGBTs), and Flexible
Alternating Current Transmission System (FACTS) devices. High voltage power electronics, such as
switches, inverters, converters, and controllers, allow electric power to be precisely and rapidly
controlled to support long-distance transmission. Such equipment also allows the system to
respond effectively to disturbances and to operate more efficiently, thereby reducing the need for
additional infrastructure.330
Power electronics are often embedded in structural blocks that are “difficult to recycle, expensive,
polluting and with a low profitability and low recovery of materials....”.331 The printed circuit board
is an example. It is an essential component of power electronics, providing the physical structure
for mounting components and electrical interconnections. Tin-lead solder is an alloy of tin that is
used almost exclusively in the electronics industry because of its low cost and high reliability.
However, lead is a neurotoxin. As a result, it is being replaced by lead-free alloys, but its damage is
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already significant: much of the lead found in landfills comes from waste electrical and electronic
equipment.
Circuit boards also have plastic covers that use brominated fire retardants, which are considered
neurotoxic. A European Union directive and California state law ban the use of two types of these
retardants (pentaBDE and OBDE).332 Another carcinogenic element, cadmium, is used in printed
circuit boards to prevent oxidation.333
With the combination of lead, brominated fire retardants, and cadmium use in printed circuit
boards, the further disposal of circuit boards in landfills could cause significant environmental risk.
Given the proliferation of increasingly smart machinery and devices at power plants and elsewhere,
this trend is concerning.
6.3

CHAPTER CONCLUSIONS

With the growing number of retired power plants in the United States, solid waste from power
plant decommissioning, demolition, and retirement is increasing. Some common construction
materials, including concrete, bricks, and metals, are being recycled during decommissioning, as
described anecdotally in this chapter. However, public information sources describing the extent of
this recycling activity from construction materials and power plants is not available.
This chapter highlights the management of asbestos, lead-based paint, and toxic waste from power
electronics. While numerous regulations oversee the management of these wastes, the large-scale
demolition of buildings and structures has the potential to release significant amounts of these
hazardous wastes. Once solid wastes are placed into landfills, incinerators, and other disposal sites,
it is difficult to retrieve or re-use them. Such is the case with the disposal of circuit boards and other
e-waste, which could pose significant environmental risk. While efforts are underway to manage ewaste,334 currently, these devices with toxic substances that are essential to power plant operations
are not regulated and are disposed as untreated e-wastes in landfills.
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7. LOCAL ECONOMIC AND COMMUNITY IMPACTS OF RETIREMENTS
7.1

ECONOMIC IMPACTS

The local economic impacts of retiring large conventional power plants are significant, complex,
and not well documented. Economic impacts of decommissioning tend to be more pronounced in
remote communities where power plants can be a dominant driver of the economy.335 Both nuclear
and coal facilities are often placed far from population centers for safety and environmental
reasons. As a result, the host rural communities have often grown to serve the needs of power
plants and their workers. Businesses and schools expand and shrink in proportion to the power
plant workforce. While the influx of decommissioning contractors may briefly stimulate the local
economy,336 decommissioning coal and nuclear plants ultimately increase unemployment rates in
host communities if the legacy site is not repurposed with a comparable job-generating activity.337
Property values in local communities with a retiring plant typically decrease with population outmigration. Young, well-trained employees are typically the most likely to relocate in their search for
work. The community may also be required to find new sources for some services that were part of
the power plant’s supply chain, and if there is a decrease in overall payrolls as well as the property
tax base, tax revenues and public services will also decrease.338 339 The lands surrounding the
power plants may become devalued if the plant site is considered “damaged.”340 However, if the site
is restored, demand and prices for the land may increase. However, many of these negative impacts
would be potentially mitigated from the opening of a new power plant utilizing a different energy
source.341
For nuclear plants, the choice of DECON, SAFSTOR, or ENTOMB will affect communities
differently.342 For coal plants, the choice between minimal demolition and idling versus full
decommissioning will also have differential impacts. In general, the decommissioning phase could
result in creating new jobs for workers. Indirect impacts would be created at businesses that
support the decommissioning workforce or that provide project materials and associated income
and taxes. In the long term, loss of jobs and revenue after decommissioning is complete would
adversely impact the local and regional economies if repurposing does not occur.343 The impacts
will depend on the nature of the decommissioning activity.344 As a result, plant managers must walk
a tightrope between what is most economical for the plant and what is most economically
advantageous for the surrounding community.345 xl
During decommissioning, human health and safety risks may increase for both workers and
residents. These would be similar to the health and safety risks from any construction-type project
with earthmoving, crushing, large equipment, transportation of overweight and oversized

xl

If DECON operations are kept in-house, then many employees will be retained for a longer period than they
would be under one of the other strategies. This would decrease the likelihood of immediate economic shocks
for the local community. Some staff may also be retained in SAFSTOR or ENTOMB as the site is placed in a
stable condition. The community may also receive an economic boost from added contractors, or potentially
new hires required for the interim storage of waste.
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materials, etc. Health and safety issues include working in weather extremes, possible contact with
natural hazards including terrain and dangerous plants, animals or insects.
IAEA found planning is of paramount importance to avoid negative impacts on the local
community.346 The organization supports outlining efforts that will be made to help the community
in the decommissioning plan.347 This may be drafted in conjunction with community
representatives and economists. Topics considered in the plan may include potential job prospects
for employees and what resources the community offers.348 One such plan for a plant employing
DECON could be a provision that current employees or local workers will be used in lieu of
specialized contractors. But, because decommissioning requires specialized knowledge, it may be
easier to strike a balance between using contractors for decommissioning activities and using
current employees to prepare for decommissioning. This could create a gradual decrease of plant
workforce rather than a simultaneous widespread laying off of employees.349
The closure of Kewaunee Power station, a nuclear facility in Wisconsin, was estimated to cost the
three nearest counties over $630 million. In response, over 400 community leaders from those
counties engaged stakeholders and members of the community to devise an action plan to mitigate
these losses.350 Their 2013 report estimated that an investment of $1.5 million to expand their
tourism industry and renewable energy infrastructure, among other things, would balance these
losses.351 An action plan was submitted to the Citrus County Economic Development Council in
2013 following the announced closure of the Crystal River 3 Nuclear Power Plant. Similar
community outreach occurred. The focus of the plan was to target industries that could hire former
employees of the plant based on the resources Citrus County offers.352 Following the closure of
three coal plants in West Virginia in 2012, nearly all workers were transferred to other facilities.
Because of a gradual downsizing of workforce, community impacts three years after the plants
closed were found to be minimal.353
Large-scale power plants can be seen as symbols of local communities. As a result, there is
sometimes a movement within the community to ensure a portion of the facility is preserved or is
repurposed to provide the energy of tomorrow. Re-using the site of a former coal-fired plant can
prove to be beneficial to the community for multiple reasons. First, repurposing a plant may bring
with it construction and O&M jobs that bolster the local economy or at least offset the loss of jobs.
Second, the process of converting the energy source of a plant may require and strengthen a
relationship between local government, utilities, and other community groups.354
If local and state governments believe decommissioning a facility for reuse can be advantageous to
their economies, they may also share the burden of costs between the collaborating party. An
option proposed by EPRI is for governments to also provide tax incentives for the facility to be reused.355 This could include the creation of incentives to promote the reuse of legacy sites as well as
programs to train employees.356
Nuclear plants can employ hundreds of workers with an average starting salary over $100,000. In
many nuclear plant communities, there are no other employers to absorb this workforce and pay
them a similar salary. Oswego County in New York is bracing for significant economic impacts from
the proposed closing of the James A. FitzPatrick Nuclear Power Plant. The nuclear plant provides
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about 50% of the tax revenues collected by the local school district. The ripple effect of families
moving out will put many houses on the market. These empty houses will mean a decrease in
revenue for the school district from property taxes. The community will take another economic hit
from the lack of the annual refueling at the power plant. Periodic refuelings bring workers from out
of state into their hotels and restaurants for over a month each year.357
The public has multiple opportunities to have their voices heard in the decommissioning of nuclear
sites. By democratizing the decommissioning process across other types of power sector
retirements and repurposing decisions, greater community buy-in and support could occur.358
7.2

OTHER COMMUNITY IMPACTS

Potential impacts resulting from power plant decommissioning have many dimensions.


Acoustics (Noise): Sources of noise during decommissioning would be similar to those
during construction that includes rollers, bulldozers, diesel generators, vehicular traffic, etc.
The level of the noise would depend on the distance to the nearest residence. For example, if
the power plant is located near a residential area, noise levels from some equipment
operation could exceed U.S. EPA guidelines but would be intermittent and occur for a
limited time.359



Air Quality: Decommissioning activities like vehicle tailpipe emissions; diesel emissions
from large construction equipment and generators; fugitive dust from land clearing,
structure removal, backfilling, dumping, restoration of distributed areas (grading, seeding,
planting); and truck and equipment traffic all can result in air, solid waste, and water
pollution.360



Ecological Resources: Decommissioning activities may affect wildlife interactions with plant
facilities and habitat fragmentation. Also, injury and mortality rates of vegetation and
wildlife are much lower than they would be during construction and operation. After site
reclamation, ecological resources of the project site may return to its pre-project conditions
depending on the end use selected for the project area; however, retrieval of forest or
sagebrush habitats could take decades or longer. Invasive species may colonize newly and
recently reclaimed areas, and nonnative plants that are not locally adapted could produce
contrasts of color, form, texture, and line.361



Land Remediation: Large-scale fossil and nuclear plants have significant land-use
reclamation costs. In contrast, the land use impacts resulting from construction and
operation of renewable facilities, while they may be expansive, they may be reversed.362



Soils and Geologic Resources: Removal of access and on-site roads, buildings and other
structures, and heavy vehicle traffic may impact soil and geologic resources during
decommissioning phase. Surface disturbance, heavy equipment traffic, and changes to
surface runoff patterns can cause soil erosion resulting in nutrient loss and reduced water
quality in nearby surface water bodies; however, after decommissioning is complete,
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disturbed areas would be contoured and revegetated to minimize the potential for soil
erosion. Impacts to geologic resources would not be expected.363


Visual Resources: During decommissioning, visual impacts would be similar to those from
construction; impacts could occur from road development, removal of buried structures and
equipment, intermittent or phased activity persisting over extended period of time, and the
presence of idle or dismantled equipment, if allowed to remain on site. Restoring a
decommissioned site to pre-project conditions may take much longer as it involves recontouring, grading, scarifying, seeding and planting, and may be stabilizing disturbed
surfaces; newly disturbed soils would create visual contrasts that would persist several
seasons before revegetation would begin to disguise past activity.364



Water Quality: This could be affected by activities that cause soil erosion, weathering of
newly exposed soils resulting in leaching and oxidation that could release chemicals into the
water, presence of dissolved salts from untreated groundwater used to control dust, and
pesticide applications. After decommissioning is complete, disturbed areas would be
contoured and revegetated to minimize the potential for soil erosion and impacts related to
water quality.365
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8. SUMMARY
The solid waste streams from electricity generation depend not only on the fuels and technologies
used to operate power plants, but also on the age and design of the plants and the infrastructure
that must be decommissioned when the plants retire. Thus, our analysis distinguishes between
solid waste from operations and solid waste from decommissioning.
Coal and nuclear power have significant solid wastes associated with their operation, which require
particular attention because of their volume and toxicity. The only significant solid wastes
associated with the generation of electricity from oil- and gas-fired plants are emission control
wastes. However, these wastes are relatively small in magnitude because emission controls on gasand oil-fired plants are relatively uncommon. Hydropower, wind, and solar power produce little, if
any, solid waste during their operation.
In the long-run, all major generation sources face retirement, decommissioning, conversion,
repowering, repurposing, or other transitions that involve the management of significant waste
streams. All power plants have a finite life beyond which it is no longer economically feasible to
operate them. Currently, coal plant retirements dominate as the principal decommissioning activity
in the U.S. power sector, followed by the retirement of natural gas, petroleum, and nuclear power
plants. These decommissioning activities are therefore major contributors to the production of
solid waste in the electricity sector, with associated risks and opportunities.
The nation is experiencing a rapid increase in the number of power plant retirements. Most of the
fossil plants that are now being retired did not have decommissioning plans in place either prior to
plant construction or during most of their operating lives. The early preparation of
decommissioning plans for nuclear plants is more common. The OECD recommends that all nuclear
plants develop such plans to minimize costs, simplify the retirement process, and be better
prepared in the event of an unexpected sudden shutdown. It would be advantageous for operators
of all electricity generating units to develop such retirement plans. Some states require
decommissioning plans and financial security for wind and solar facilities,xli but there is no model
approach in place in the United States for preparing such plans for wind, solar, or fossil
generation plants.
An influx of solid waste is being created by the growing number of power plant retirements.
New opportunities for recycling materials and for reconditioning and reusing parts may be needed,
so that the value embodied by these retired facilities can be maximized and put to best use. Such
efforts would presumably benefit the communities that once hosted these same plants. Re-use of
materials at the power plant site has significant advantage, if value-added uses can be identified,
because the cost of hauling waste to disposal sites can be significant.
Power electronics are used in all types of power plants, and they have multiple toxic solid waste
issues that need to be addressed. Electronic equipment in power system applications can utilize
polychlorinated biphenyls, lead, brominated flame retardants, and cadmium. At retirement, they
xli

See Tables 5.3 and 5.5.
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could have significant negative human health and ecosystem consequences. In particular, with the
combination of toxic substances used in printed circuit boards (e.g., lead, brominated fire
retardants, and cadmium), the disposal of circuit boards in landfills needs to be controlled. While
efforts are underway to manage e-waste,xlii currently, these devices with toxic substances that are
essential to power plant operations are not regulated and are disposed as untreated e-wastes in
landfills.
The two largest forms of solid waste from coal-fired generation are coal ash (from the combustion
of coal), and “scrubber” slurry (from environmental controls at fossil plants). Both of these solid
wastes can impact local ecosystems when unplanned releases occur. It costs approximately $80$120 million to phase out ash ponds at a typical U.S. coal plant. Full plant decommissioning to
brownfield status is costlier, and conversion for re-use requires additional investments.
Compared to coal and nuclear, gas- and oil-fired electricity generation produces much less solid
waste, and fewer major solid waste issues occur during decommissioning, where the largest form of
solid waste is chemical waste. These chemical wastes include the scale, sludge and scrapings in the
part of the generator, tanks and pipelines. Thus, the focus of decommissioning oil- and gas-fired
generation is to safely dispose of chemical contaminated equipment and parts. The disposal
methods include removal and in-place decommissioning. Depending on the situation of different
equipment and parts, the detailed procedures can be different.
There is little public information about the cost of different decommissioning options. In particular,
few reports or articles cover the detailed cost of decommissioning petroleum- and gas-fired plants
and renewable generation. There is also limited information about the decommissioning of solar
and wind facilities because their life expectancy is roughly 20-30 years and most of them have not
yet reached their end-of-life. It is important to know more about decommissioning processes
because many oil, diesel, solar and wind facilities will soon reach their end-of-life.
Examples of industrial and mixed-use repurposing of solid waste from coal, gas, and petroleum
power plants are emerging. However, there is no federal program of information sharing or best
practices for recycling options for solid waste and decommissioned equipment and materials
to assist in the repurposing of retired fossil-fueled plant sites.
Nuclear waste requires careful handling. There is currently no centralized waste facility for
nuclear waste in the United States for permanent disposal. As a result, waste is stored at reactor
sites in 35 states awaiting construction of a permanent waste handling facility. Other countries
recycle spent fuel rods, but this process is currently not used in the U.S. due to economic and
security concerns.

xlii

https://www.epa.gov/international-cooperation/cleaning-electronic-waste-e-waste
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Decommissioning costs of commercial nuclear reactors have ranged widely from $100 million
to $700 million, and sometimes exceeding $1 billion. Advancements in technology will likely
make clean-up and decommissioning cheaper in the future.
Decisions to remove a hydropower dam involve various entities and depend on the regulatory
oversight of the dam. State fish and wildlife offices are often involved in the decision making. FERC
can ask a hydropower plant to be removed for environmental and safety reasons. The impacts of
dam removal can be significant.
In the case of solar power, there is no state or federal requirement that its products be recycled. It is
possible that for some solar facilities, the recycling value of the decommissioned facility will exceed
the removal costs, providing a net gain. The development of secondary markets for such facilities
could be a valuable focus for a future public-private partnership.
The impacts of power plant decommissioning on local communities are clearly significant, but
detailed analysis has yet to be completed. The environmental justice issues associated with
legacy coal plants warrants examination. The nation needs to ensure that the environmental
justice issues that disproportionately exposed low-income and minority populations to air and
water pollution during the operation of power plants do not subsequently produce a legacy of solid
waste after facilities are shut down, that hamper future economic growth opportunities.
A track record of decommissioning costs and best practices is only now being assembled, and these
principally apply to coal, oil, and nuclear plants. The value of salvage, for instance, is unclear, and
opportunities to repurpose power plant sites are only now being assessed. Opportunities to share
lessons learned could help to reduce negative solid waste consequences and optimize positive
opportunities.
If local and state governments believe decommissioning a facility for reuse can be advantageous to
their economies, they may also share the burden of costs, as was done with the Google server farm
being established at the Widows Creek Fossil Pant in Alabama. Another option for governments is
to provide tax incentives to encourage facilities to be re-used. There are currently no widespread
information-sharing programs focused on the reuse of legacy fossil plant sites.
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