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ABSTRACT: Using data on the coal-fired electric generating
units (EGUs) in Texas we assess the economic feasibility of
retrofitting existing units with carbon capture and sequestra-
tion (CCS) in order to comply with the Clean Power Plan’s
rate-based emission standards under an emission trading
scheme. CCS with 90% capture is shown to be more
economically attractive for a range of existing units than
purchasing emission rate credits (ERCs) from a trading market
at an average credit price above $28 per MWh under the final
state standard and $35 per MWh under the final national
standard. The breakeven ERC trading prices would decrease
significantly if the captured CO2 were sold for use in enhanced
oil recovery, making CCS retrofits viable at lower trading
prices. The combination of ERC trading and CO2 use can
greatly reinforce economic incentives and market demands for CCS and hence accelerate large-scale deployment, even under
scenarios with high retrofit costs. Comparing the levelized costs of electricity generation between CCS retrofits and new
renewable plants under the ERC trading scheme, retrofitting coal-fired EGUs with CCS may be significantly cheaper than new
solar plants under some market conditions.

■ INTRODUCTION AND RESEARCH OBJECTIVES

In December 2015, an historic agreement to take action against
climate change was reached by 195 nations in Paris with the
objective of keeping the average increase in global temperature
at or below 2 °C this century.1 Given that a reliance on fossil
fuels will likely continue for decades, carbon capture and
sequestration (CCS) will be essential if deep reductions in
carbon dioxide (CO2) emissions are to be achieved. The
Intergovernmental Panel on Climate Change’s Fifth Assess-
ment Report emphasized that while stabilizing the greenhouse
gas concentrations below 450 ppm of CO2-equivalent is
necessary to meet this goal, the cost of mitigation could
increase by roughly 140% in the absence of CCS.2 However,
today’s CCS cost is a major barrier to its large-scale
deployment. Regulations and policies are needed to provide
economic incentives for CCS.
To combat anthropogenic climate change domestically, the

U.S. Environmental Protection Agency (EPA) established the
Clean Power Plan (CPP) in August 2015, which would reduce
national CO2 emissions from existing electric generating units
(EGUs) by 32% from 2005 levels by 2030.3 The CPP
established uniform national emission performance standards
for existing fossil fuel-fired EGUs. Reflecting each state’s energy
mix, the final rule also presented state-specific rate- and mass-
based emission standards. The CPP established three “building
blocks” to achieve compliance: heat rate improvements;
increased electricity generation from existing natural gas

combined cycle (NGCC) plants; and increased electricity
generation from new renewable plants.3 CCS was not included
in the building blocks due to concerns about the availability of
space in plants, cost, and system integration, if applied broadly
to the overall source fleet.3 However, retrofit of CCS can be a
viable option for some existing coal-fired EGUs depending on
the unit attributes.3,4 The CPP provides states with the
flexibility to decide whether to implement a rate- or mass-based
standard and to choose the compliance measures, including
market-based mechanisms.
Emission trading programs have been increasingly used for

cost-effective management of emissions in national and global
environmental and climate policy. They have encouraged
innovation, incentivized further pollutant reduction, and
lowered compliance costs when compared with strategies
based on command-and-control.5−7 For example, under the
U.S. acid rain trading program sulfur dioxide (SO2) emission
reductions were achieved faster than expected due the flexibility
afforded by the trading scheme.7 Innovation in and diffusion of
SO2 reduction technology has grown, while costs have
declined.7 Prior estimates of the cost of compliance ranged
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from $2.7−$8.7 billion/year, while realized costs proved to be a
much lower $1.9 billion/year.8

In the U.S., trading programs, such as the Regional
Greenhouse Gas Initiative and the California Cap-and-Trade
Program, have demonstrated the viability of carbon trading at
the state and multistate level.9 Multistate auctions for carbon
allowances have been run since 2008, and state-level auctions
have been run since 2012, respectively.9−11 In addition, under
the European Union Emission Trading System, multiple survey
studies found innovation and investment from industry related
to CO2 abatement motivated by the policy.12

Under a rate-based emission standard, a state or group of
states can develop an emission trading program or participate in
a federal program. This would allow EGUs with emissions
below the standard to create and sell emission rate credits
(ERCs). Retrofits of CCS at suitable coal-fired EGUs have the
potential not only to meet the emission standards but also to
generate ERCs to trade with other affected EGUs, thus
providing income to offset some of the cost of retrofits.
Using data on the coal-fired EGUs in Texas the objectives of

this paper are 1) to investigate the viability of retrofitting CCS
to existing coal-fired EGUs as a measure to comply with the
CPP under a rate-based emission standard; 2) to examine how
emission reduction trading would affect the viability of CCS
retrofits; and 3) to compare the costs of electricity generation
between CCS and renewable technology as compliance
measures under the emission trading scheme. This study will
reveal the viability of CCS retrofits under the emission trading
scheme outlined by the CPP in conjunction with CO2 use for
oil recovery operations.

■ RETROFITTING CCS FOR RATE-BASED STANDARD
COMPLIANCE UNDER AN EMISSION TRADING
SCHEME

The CPP established uniform national interim and final CO2
emission standards of 1534 and 1305 lbs CO2/MWh,
respectively, for existing fossil-fuel-fired steam EGUs over the
compliance period from 2022 to 2030.3 The CPP also
presented state-specific interim and final emission standards,
which are 1188 and 1042 lbs CO2/MWh for Texas,
respectively. States using a rate-based standard may implement
a market-based emission trading program that employs an
administratively created tradable compliance instrument called
an emission rate credit (ERC), defined as one MWh of electric
generation with zero-associated CO2 emissions. ERCs can be
generated by numerous sources, including new renewable
plants (e.g., wind and solar), demand-side energy efficiency
programs, or existing EGUs with an emission rate less than the
rate-based standard. The amount of ERCs that an EGU must
buy or can sell is estimated as the product of the annual
electricity generation and the normalized difference between
the emission rate standard and the actual emission rate.3 ERCs
can be traded between EGUs under the same compliance
pathway. Further details about the CPP are available in the
Federal Register.3

A recent study found that the implementation of CO2
capture appears feasible for some existing coal-fired EGUs
that already have environmental systems for controlling major
traditional air pollutants, are fully or substantially amortized, are
relatively efficient, have net capacities of more than 300 MW
with high utilization, and can operate for 20 years or more.4

CCS deployment becomes more cost-effective when the
captured CO2 can be used for enhanced oil recovery (EOR).4

However, as elaborated below, since EOR results in a net
increase in CO2 emissions it is not a sustainable long-term
strategy.
Texas has 18 such EGUs, resulting in a total summer capacity

of about 10 GW.4 In this paper we focus on Texas because its
feasible capacity exceeds that of other states. Texas also has
substantial potential for CO2 sequestration via oil and natural
gas reservoirs within an estimated volume of between 135 and
140 billion metric tons.13 The key attributes of the identified
EGUs are summarized in Table 1. For the suitable EGUs, there

are at least three options available to comply with a rate-based
standard: purchase the required amount of ERCs from a trading
market; retrofit enough partial CCS to exactly meet the
emission standard; and retrofit CCS for 90% CO2 capture (i.e.,
“full-CCS”) and sell the generated ERCs to a trading market.

■ MATERIALS AND METHODS
The Integrated Environmental Control Model (IECM v9.1), a
power plant modeling tool developed by Carnegie Mellon
University, was employed to simulate and evaluate feasible
existing coal-fired EGUs.14 This tool provides systematic
estimates of the performance, resource use, emissions, costs,
and uncertainties for fossil fuel-fired power plants with or
without CCS. The IECM has an array of power plant
configurations that can employ a variety of environmental
control and cooling systems as well as a fuel database including
representative U.S. coals and typical natural gas compositions.
The IECM applies basic mass and energy balances along with
empirical data to develop process performance models and
further link them to engineering−economic models that

Table 1. Performance and Costs of Feasible Coal-Fired
EGUs with and without CCS Retrofits

retrofit of partial
CCS

characteristic statistic
existing
EGUsa

national
standard

state
standard

retrofit
of full
CCS

average gross power
output (MW)

min 374 374 374 374
mean 529 529 529 529
max 711 711 711 711

net power output
(MW)

min 359 317 310 295
mean 505 448 440 418
max 655 588 576 547

efficiency (HHV, %) min 29.9 24.3 23.1 20.3
mean 32.6 25.9 24.6 21.6
max 34.4 27.7 26.2 22.9

annual operation hours min 7276 7276 7276 7276
mean 8186 8186 8186 8186
max 8678 8678 8678 8678

CO2 emission rate
(lb/MWh)

min 2103 1304 1040 316
mean 2220 1305 1042 336
max 2424 1305 1042 356

annual net electricity
generation
(billion kWh)

min 3.05 2.69 2.64 2.51
mean 4.13 3.67 3.60 3.41
max 5.62 5.05 4.95 4.70

unit levelized cost of
electricity (2009
constant $/MWh)

min 12.0 39.9 44.8 59.9
mean 15.3 43.5 49.3 65.5
max 22.0 48.3 53.9 70.9

aThe summer capacity ranges from 436 MW to 760 MW with an
average of 576 MW.
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estimate the capital cost, annual operating and maintenance
(O&M) costs, and total annual levelized cost of electricity
(LCOE) of an overall power plant and environmental control
systems.14 Details on the IECM are in Section S-1 of the
Supporting Information (SI).
These EGUs selected for retrofit evaluation are characterized

and modeled in the IECM based on the unit-specific attributes
information from an integrated emissions and power generation
database that combines the U.S. EPA’s National Electric Energy
Data System and Emissions and Generation Resource
Integrated Database.4 The key unit-specific attributes adopted
for characterizing individual EGUs include the unit location,
unit age, boiler type, coal type, heat rate, summer capacity,
annual electricity generation, operating hours, and environ-
mental control systems. The Econamine CCS in the IECM,
current commercially available technology, is employed for the
retrofit assessment. Other technologies still under development
are to be ill-suited for this purpose.4 Details on the IECM
simulations are in Zhai et al.4 The key performance metrics
considered include the CO2 removal efficiency, CO2 emission
rate, total annual CO2 emissions, net power output, annual
electricity generation, water use, and net unit efficiency. Key
cost metrics are the total LCOE of an EGU with or without
CCS and the cost of CO2 avoided by CCS, a most commonly
reported measure that quantifies the average cost of avoiding a
ton of CO2 emissions while still generating a unit of
electricity.15

For a given CO2 emission performance standard, the IECM
was used to assess each EGU under the rate-based emission
standard regulation via three compliance options: purchasing
ERCs from a trading market; implementation of CCS for
partial CO2 capture; and implementation of CCS for 90%
capture with an income stream from an ERC trading market.
The cost-effective bypass design is adopted for partial CO2
capture.16 In each CCS retrofit case, the IECM is applied to
first determine the CO2 removal efficiency required for an EGU
in meeting the given emission rate limit. The amount of
saleable ERCs from full-CCS deployment is then determined to
estimate the unit performance and the unit LCOE as a function
of the ERC price. Details on the ERC, LCOE, and CO2
avoidance cost calculations are in Section S-3 of the SI.
To make cost comparisons between CCS and renewable

generation systems under the ERC trading market, the plant
LCOE was calculated for new wind and solar power plants
using capital and operating cost data from the Integrated
Planning Model, which was applied by the U.S. EPA to assess
the CPP.17 The detailed LCOE calculations for new renewable
power plants are in Section S-4 of the SI.

■ BASE CASE RESULTS
IECM v9.1 was applied to evaluate the performance and cost of
each feasible EGU with and without Econamine CCS under a
variety of design and marketing conditions. The evaluation was
done using sub-bituminous Wyoming Powder River Basin coal,
which in the IECM’s fuel database has a price of $8.75/ton.
The average gross power output and annual operating hours
were fixed for each CCS retrofit case. All costs are reported in
2009 constant dollars.
Effects of CCS Retrofits on Existing EGUs. We assume

that Econamine CCS, a commercially available technology, will
be installed for CO2 capture. The major technical and
economic assumptions and parameters of CCS are summarized
in Table S-5 in the SI. Low-quality steam extracted from the

unit’s steam cycle provides the required thermal energy for
solvent regeneration. We find that a CO2 removal efficiency of
50−56% would be required for CCS to meet the final national
standard and 62−67% for the final state standard. Table 1
summarizes the performance and costs of existing EGUs
without and with CCS retrofits. Average gross power output for
all units is 529 MW. Net power output decreases from an
average absolute value for existing EGUs of 505 MW.
Compared to existing units prior to retrofits, the implementa-
tion of partial CCS to meet the final national standard would
decrease the net power output and unit efficiency on average by
56 MW and 6.7% (on an absolute basis) and increase the
annual levelized cost of electricity generation (LCOE) by $28/
MWh. To comply with the final state standard, it would
decrease the net power output and net unit efficiency on
average by 65 MW and 8.0%, respectively, and increase the unit
LCOE on average by $34/MWh. However, the average unit
LCOE of the existing EGUs retrofitted with partial CCS is
similar to or less than that of new supercritical pulverized coal-
fired or NGCC plants without CCS.18 Table 1 also shows that
the deployment of full CCS (90% CO2 capture) would lead to
more significant effects on the unit performance and cost.
Figure 1 depicts the LCOE of EGUs retrofitted with CCS in
meeting both the interim and final standards over the
compliance period.

Economics of CCS Retrofits under an ERC Trading
Scheme. We first estimated the quantity of required or
saleable ERCs for each of the three mitigation options available
for each suitable EGU to comply with the rate-based emission
standards. Figure 2(a) shows this quantity for an example EGU
with 670 MW of summer capacity under the final national and
state standards, while Figure 2(b) shows the unit LCOE of the
example as a function of the ERC price for each option adopted
to meet both the final state and national standards. Without
CCS, the example unit has to buy 4.3 × 106 MWh of ERCs
annually from the market to comply with the final state
standard. However, retrofitting full CCS generates 2.0 × 106

Figure 1. Unit LCOE under different emission rate standards: (a) Unit
LCOE of example unit. (b) Boxplot of unit LCOE for all units.
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MWh of ERCs annually for sale. There are no ERCs generated
or available using partial CCS. Figure 2(b) illustrates how the
ERC price would affect the unit LCOE for each option. For the
credit purchase option, the unit LCOE increases linearly with
the ERC price. It decreases linearly for the full-CCS option due
to the revenue from the ERC market. However, the unit LCOE
stays constant for the partial-CCS option. Using the credit
purchase option as the benchmark across this study unless
otherwise noted, the breakeven ERC price is $29 per MWh for
the partial-CCS option and $28 per MWh for the full-CCS
option under the final state rate. Under the final national rate,
the breakeven ERC values are higher, occurring at $39 and $35
per MWh, respectively. As shown in Figure 2(b), for ERC
prices less than these values, purchasing credits from the ERC
market is the cheapest compliance strategy for the example
EGU. When ERC prices are more than the breakeven prices,
retrofitting CCS, in particular for 90% CO2 capture, becomes
economically viable. Although the addition of CCS would

significantly increase the cost of electricity generation even
under the emission trading scheme with a breakeven ERC
price, the unit LCOE of the retrofitted EGU is similar or less
than that of a new fossil fuel-fired plant without CCS.18

We conducted the same analysis for all 18 suitable EGUs
retrofitted with partial and full CCS. The box plots in Figure
2(c) show the distributions of the resulting breakeven ERC
prices under the final state and national rate-based standards.
Under either the state or the national standard, there is
considerable overlap in the breakeven ERC prices between the
full and partial CCS retrofit options. However, for a given
retrofit option, the breakeven ERC prices in meeting the state
standard are lower than those in meeting the national standard,
indicating that under more stringent standards, the CCS retrofit
options become viable at lower ERC prices. When complying
with the state standard, the breakeven ERC prices fall within
the range of $22 to $35 per MWh for the partial-CCS option
and $23 to $31 per MWh for the full-CCS option. As a result,
the unit costs of electricity generation at the breakeven point
fall within the range of $45 MWh to $54/MWh for the partial-
CCS option and $44/MWh to $53/MWh for the full-CCS
option. These results imply that under the emission trading
scheme, retrofit of full CCS is economically viable at a relatively
lower ERC price, compared to retrofit of partial CCS. To
understand which of the key unit attributes most influences the
breakeven ERC price, a Spearman rank correlation analysis for
multiple parameters finds that unit LCOE of existing units as
well as added LCOE for CCS retrofits have the highest
correlation. For more details of this analysis, see SI section S-5.
In addition to the unit cost of electricity generation, the cost

of CO2 avoided is an important economic metric for CCS.
Figure 3 shows the costs of CO2 avoided by retrofitting CCS to
comply with the rate-based emission standard under different
ERC market prices. Figure 3(a) shows the cost of CO2 avoided
by retrofitting partial or full CCS to the example EGU as a
function of the ERC price in complying with the final state
standard. For the partial-CCS option, the avoidance cost

Figure 2. Economics of EGUs under an ERC trading scheme: (a)
ERCs generated for an illustrative EGU with and without CCS
retrofits under the rate-based standards. (b) Unit LCOE of the
example EGU as a function of ERC price for three compliance options.
(c) Boxplot of breakeven ERC prices for partial and full CCS options.
The ERC purchase option is treated as the benchmark.

Figure 3. Cost of CO2 avoided by CCS as a function of ERC price: (a)
Cost of CO2 avoided by retrofitting CCS for an illustrative EGU under
an ERC trading market. (b) Boxplot of costs of CO2 avoided by full
CCS at EGUs under different ERC trading prices.

Environmental Science & Technology Policy Analysis

DOI: 10.1021/acs.est.6b03175
Environ. Sci. Technol. 2016, 50, 12567−12574

12570

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03175/suppl_file/es6b03175_si_001.pdf
http://dx.doi.org/10.1021/acs.est.6b03175


remains constant at $55/ton, as no ERCs are generated or
required. However, for the full-CCS option, it decreases from
$53/ton to zero as the ERC price increases from zero to $75
per MWh, beyond which the avoidance cost becomes negative.
In Figure 3(b) box plots display the distributions of the cost of
CO2 avoided by full CCS for all suitable EGUs at four ERC
prices. All the avoidance costs decrease when the ERC price
increases. Emission trading does improve the economic viability
of retrofitting CCS for 90% CO2 capture. However, at a low
ERC price of $10 per MWh or less, the avoidance cost has an
average value of $46/ton or more, which is still high. This result
indicates that there will be a need for additional economic
incentives for CCS retrofits if the trading price is low.
Coal price has a large effect on the unit LCOE of both

existing and retrofitted EGUs. While we performed our analysis
with the IECM’s coal price of $8.75/ton, in the EPA’s
Integrated Planning Model (IPM) for the CPP, the cost of coal
production in Texas was projected to fall within the range from
$8.1/ton to $27/ton in 2016 and $9.4/ton to $31/ton in 2030
(in 2009 dollars).17 Hence it is necessary to examine the
impacts of higher coal prices. As the coal price increases from
the base case value to $18/ton, $26/ton, and $35/ton (two to
four times IECM’s base price), the levelized costs of electricity
generation increase by 1.4 to 2.1 times on average for existing
EGUs and 1.1 to 1.4 for EGUs retrofitted with full CCS,
illustrated in Figure 4. As a result, the average breakeven ERC

prices increase by $1.5 per MWh, $3.1 per MWh, and $4.7 per
MWh, respectively. The fuel cost thus has a moderate effect on
the breakeven ERC price. Coal prices might decrease with a
lower demand from coal-fired EGUs under the CPP regulation.
Cheaper coal prices would lead to lower breakeven ERC prices.
Enhanced oil recovery (EOR) can lower the retrofit cost by

providing income in lieu of a CO2 sequestration cost, though
the CO2 transportation cost must still be covered.4 In
conventional EOR much of the injected CO2 is retrieved and
reused. If we assume that EOR can be operated in a way that
provides permanent sequestration, we can then examine the
effects of CO2-EOR operations on the EGUs that deploy full
CCS to meet the final state standard. We adopt a sale price of
$10/ton CO2, though current sale prices for CO2 are estimated
to be approximately $35−40/ton based on oil prices of $85/
bbl.4,19 We used the lower value because of uncertainty about
reservoir capacity and oil market fluctuation and the fact that if
sequestration is to be successful EOR operations will need to
forego strategies that now focus on maximizing CO2 recovery

for reuse. With the $10/ton sale price, using all the captured
CO2 for EOR operations would substantially lower the average
LCOE of EGUs retrofitted with full CCS from $65/MWh to
$40/MWh. As a result, the breakeven ERC prices drop
dramatically from an average of $28 per MWh (shown in
Figure 2c) to $14 per MWh (See Figure S-1 in the SI.). This
result indicates that a low sale price of the captured CO2 can
have a big impact on the ERC trading market, thus enhancing
the viability of deployment of full CCS as a compliance
measure for suitable coal-fired EGUs. Higher priced oil and
subsequent higher CO2 sale prices for EOR operations would
thus have an even larger impact on the CCS deployment.

■ POTENTIAL HIGHER COSTS OF CCS RETROFITS
While Econamine CCS is an available technology, it has yet to
be deployed at large scale for capture at power plants. When
estimating the capital cost of a technology, the process
contingency accounts for additional capital costs that may
arise as a system matures into a commercial-scale technology,
whereas the project contingency accounts for additional
equipment or other costs that may be identified in a more
detailed project design.20 The Electric Power Research
Institute’s Technical Assessment Guide estimates process
contingency to vary from 5% to 20% for a technology whose
full-scale modules have been operated and the project
contingency to vary from 15% to 30% for a preliminary
project.21 To account for potential difficulty of access to
different areas of the plant and integration of a new system with
existing facilities, a recent study suggests an average retrofit
factor of 1.25 for postcombustion CCS, representing the cost
ratio of new equipment for a retrofitted plant versus a new
plant.22,23 When estimating the total annual levelized cost, the
fixed charge factor (FCF) converts the total capital requirement
to the constant annualized amount, depending on the interest
or discount rate and the economic lifetime of a project. In the
base case, the FCF values range from 0.113 to 0.127. To
examine the economic impact of potential high cost financing, a
high fixed charge factor of 0.15 is often adopted for CCS
assessments.18,24,25 Considering all these factors in implement-
ing full CCS retrofits to comply with the final state standard,
Figure 5 shows the cumulative economic effects of elevating the
total contingency from 30% to 50%, retrofit factor from 1.00 to
1.25, and FCF from the base values to 0.15.
Without ERC trading, Figure 5a shows the cumulative effects

of the elevated contingency, retrofit factor, and FCF values on
the unit LCOE of EGUs retrofitted with full CCS. With the
elevated values for the three cost parameters, the unit LCOE
would cumulatively increase by 29% on average for the 18
EGUs, compared to the base case. Figure 5b shows that under
the ERC trading market, the breakeven ERC prices associated
with CCS retrofits would cumulatively increase by 38% on
average, due to the combined effect of the three elevated
parametric values, compared to the base case. Figure 5c shows
the unit LCOE of retrofitted EGUs with income measured at
the corresponding breakeven prices shown in Figure 5b. In
comparison between Figure 5a and Figure 5c, we can see that
trading ERCs from full-CCS deployment would decrease the
unit LCOE by 29−31% on average for the three high retrofit
cost scenarios.
Figure 5 also shows the economic effects of CO2-EOR

operations with different CO2 sale prices for the cases with the
highest retrofit costs. As shown in Figure 5, the viability of full-
CCS deployment improves with an increase in CO2 sale price.

Figure 4. Effect of coal prices on breakeven ERC prices for EGUs with
full CCS under the state rate-based standard.
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Figure 5c shows that with a CO2 sale price of $30/ton, the
LCOE values of retrofitted EGUs are similar to those given in
Table 1 for existing EGUs without CCS. This result implies
that even under the highest retrofit cost scenario, the
combination of ERC trading and CO2 product utilization
would substantially facilitate deployment of full CCS at existing
coal-fired EGUs. More rigorous cost analysis, however, needs
more detailed data on various site-specific factors such as space
availability and integration readiness level for CCS deployment
and CO2 transport and sequestration network designs.

■ DISCUSSION
Although retrofits of CCS are not a viable option for meeting
emission standards across the entire existing coal-fired fleet, it is
feasible for the coal-fired EGUs in Texas that have been
evaluated in this study.4 At the state level, the losses in net
electricity generation from retrofitting CCS can be offset by the
increased use of existing NGCC plants in meeting the CPP

standards, which would also lower the costs of electricity
generation for those gas-fired plants. ERC trading programs are
able to improve the economic viability of CCS retrofits,
especially for the implementation of CCS for 90% CO2 capture.
However, if actual ERC market prices were less than the
breakeven values, additional economic incentives, such as direct
financial support, subsidies, or revenue from CO2 sales, would
be needed in order to promote investments in CCS
deployment. If the ERC trading price were to remain as low
as $10 per MWh, the income stream from selling the captured
CO2 for CO2-EOR, even at a price of $10/ton, would
substantially lower the average avoidance cost from $46 to
$19/ton. As an alternative solution, an investment tax credit,
similar to the 30% tax credit on capital investment currently in
place for renewables,26 could be adopted to incentivize CCS
deployment if ERC prices were to remain low. With respect to
the total mass-based emission reduction, just retrofitting partial
CCS at those suitable coal-fired EGUs with removal efficiencies
slightly higher than to meet the state rate-based standard would
result in a total amount of emission reductions similar to that
necessary for achieving the state mass-based emission goal for
the entire existing fleet (See Section S-7 of the SI.). It is
important to note the increased use of existing NGCC plants in
compliance with the CPP, especially at low natural gas prices.
However, this paper is focused on assessing the viability of
retrofitting CCS to coal-fired EGUs under the emission trading
scheme.
Because the life cycle CO2 emissions associated with

sequestration via CO2-EOR will be net positive when the
produced oil is combusted,27 EOR sequestration should be
regarded as an interim bridging solution that can improve the
viability of CCS as technological learning continues. In the
future it is possible that other forms of CO2 utilization may be
developed, but, given the enormous volumes that are involved,
to date viable alternative uses have yet to be found.28

Another important consideration for CCS is the water
required to perform the large amount of cooling needed by the
capture process.29 Retrofitting CCS for 90% CO2 capture at
existing coal-fired EGUs with wet cooling towers would
approximately double water use intensity, though the total
water use highly depends on the actual amount of electricity
generation (See Figure S-2 in the SI.). Hence water availability
must be considered in evaluating CCS retrofits, especially in
regions such as Texas, that have experienced increased
frequencies of drought and high temperatures.30 See Section
S-6 of the SI for additional water information and analysis.
The decision to add CCS to existing units to meet the rate-

based standards will be in competition with new wind and solar
power plants outlined in the CPP as the best system of
emission reductions. For the same amount of electricity
generation, new zero-emission renewable plants would generate
more ERC credits than full CCS. Thus, the ERC market could
greatly affect the choice of mitigation options between CCS
and new renewable plants. The LCOE values of new wind and
solar plants were estimated to be $65/MWh and $111/MWh
based on the Integrated Planning Model’s capital and fixed
O&M cost estimates for 2016, respectively.17 As shown in
Figure 6a for the example unit, LCOE decreases linearly as the
ERC price increases. The resulting breakeven ERC price for
wind is less than that of full CCS at about $21 per MWh and
for PV is more than that for retrofitting full CCS to the 670
MW example coal-fired unit at $42 per MWh. Figure 6b shows
that for the 18 suitable EGUs, the average breakeven ERC

Figure 5. Economics of EGUs with high CCS retrofit costs: (a) Unit
LCOE of EGUs retrofitted with full CCS under different retrofit cost
scenarios prior to emission trading. (b) Breakeven ERC prices for the
full-CCS option under high retrofit cost scenarios. (c) Unit LCOE for
EGUs under high retrofit cost scenarios at the breakeven prices. Note:
C = high contingencies (process = 20%; project = 30%), C+RF = high
contingencies and retrofit factor, C+RF+FCF = high contingencies,
retrofit factor, and fixed charge factor, EOR10/30 = all factors and
EOR at different CO2 sale prices ($10/ton and $30/ton).
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prices for wind and solar are $23 and $45 per MWh as
compared to $28 per MWh for EGUs retrofitted with full CCS.
However, because of intermittency, renewable plants may not
generate the same level of stable ERCs as CCS retrofits for a
given period.
At any ERC prices less than $141 per MWh coal-fired EGUs

retrofitted with full CCS have a lower levelized cost of
electricity generation than that of new solar but are never lower
than that of new wind for the base case. Figure 6b compares the
distributions of the breakeven ERC price for the 18 EGUs
between partial and full CCS retrofits and new renewable plants
employed for meeting the final state standard. The lowest
breakeven ERC prices occur under the mitigation option of
new wind. However, the Integrated Planning Model projects
that by 2030, new PV plant costs would drop dramatically by
38.5%.17 With such low costs, the lowest breakeven ERC prices
are similar between new solar and wind plants. See Section S-6
of the SI for additional analyses.
While renewable plants are expected to make growing

contributions to meeting future energy needs, coal-fired power
plants will continue to provide a large share of the electricity
demand in the United States and other countries like China
and India.31 The deep emission reductions of 80−90% that will
be needed to stabilize the climate pose a much more
challenging target than the 32% outlined by the CPP.32,33 To
avoid serious problems in the future, short-term mitigation
solutions should be able to scale up in a much more carbon-
constrained future.33 CCS retrofits are a defensible step in the
effort to reach the ambitious abatement aim. In addition, given
current prices of natural gas, new fossil fuel-fired power
generation systems to be installed by 2030 may be NGCC
plants without CCS.34 Thus, retrofitting CCS to some existing
coal-fired EGUs is a promising option to ensure that

technological learning occurs in the medium-term so that a
deep reduction target can be achieved in the future.
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