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ABSTRACT: State and federal governments are considering performance standards to limit carbon dioxide (CO,) emissions
from new fossil-fuel-fired electric-generating units. This study employs a newly developed computational tool to compare the
performance and cost impacts of applying a technology-neutral CO, emission performance standard to pulverized coal (PC) and
natural gas combined cycle (NGCC) power plants and to evaluate the role of CO, utilization in accelerating carbon capture and
storage (CCS) deployment. We explore the impacts of performance standards between 1000 and 300 Ib of CO,/MWh gross, a
range more stringent than the recently proposed standard by the United States Environmental Protection Agency (U.S. EPA).
Meeting such standards would require CO, emission reductions of roughly 45—85% for new PC baseload plants and 0—65% for
new NGCC baseload plants. Adding current amine-based CCS to meet these standards increases the plant levelized cost of
electricity by 35—66% for PC plants and 0—26% for NGCC plants. On an absolute basis, meeting the most stringent standard of
300 Ib/MWh gross would add $38.9/MWh to the cost of the PC plant but only $16.5/MWh for the NGCC plant. This cost
advantage of NGCC plants relative to PC plants is strongly affected by plant capacity factor and natural gas price and could be
diminished by gas prices above approximately $9.0/GJ for new baseload plants subject to a range of performance standards. Our
analysis of the enhanced oil recovery (EOR) option shows that, at a price of roughly $40/metric ton of CO,, the revenue from
selling the captured CO, for the EOR could fully offset the capture cost for PC plants. Higher CO, prices would be required to
fully pay for CO, capture at NGCC plants. Using the captured CO, for EOR thus would facilitate continued coal use for low-

carbon electricity generation, even under the most stringent performance standard modeled.

1. INTRODUCTION AND OBJECTIVES

The buildup of anthropogenic greenhouse gases (GHGs) in the
atmosphere is regarded widely as the cause of most of the
global warming observed over the last 50 years." Abrupt
changes in climate pose a serious threat to human or natural
systems. To mitigate climate change, National Academies’
Panel on Limiting the Magnitude of Climate Change suggests a
“representative” mitigation budget that requires a significant
reduction of national GHG emissions from 1990 levels by 50—
80%.> Fossil fuel power plants are the largest stationary source
of GHG emissions in the United States and account for
approximately 40% of national carbon dioxide (CO,)
emissions.” To achieve large-scale CO, emission reductions
for fossil fuel power plants, carbon capture and storage (CCS)
is the only technology option.*

Currently, the cost of commercial CCS remains expensive
and is a critical barrier for the CCS deployment, which would
increase the plant cost of electricity by 70—80% for 90% CO,
capture at coal-fired power plants.’~” The regulatory stringency
of emission control requirements for sulfur oxides (SO,) and
nitrogen oxides (NO,) has been demonstrated to drive
technology innovations that reduce capital costs of flue gas
desulfurization (FGD) and selective catalytic reduction (SCR)
systems by more than 10% per doubling of installed capacity.®”
Similarly, regulatory policies that limit GHG emissions could
play an important role in fostering CCS technology innovations
and deployment.®

To mitigate climate future, state and federal governments are
considering performance standards to limit CO, emissions
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from new electric power facilities. For example, the State of
California has established a standard of 1100 Ib of CO,/MWh,
which is similar to the emission performance of natural gas
combined cycle (NGCC) power plants.'® To cut CO,
emissions from fossil-fuel-fired electric-generating units
(EGUs), the United States Environmental Protection Agency
(U.S. EPA) announced on March 27, 2012 the first rules: “The
proposed requirements, which are strictly limited to new
sources, would require new fossil fuel-fired EGUs greater than
25 megawatt electric (MWe) to meet an output-based standard
of 1,000 pounds of CO, per megawatt-hour”.> The proposed
standard was established in terms of the
performance of NGCC power plants without any need for
CO, capture. The enactment of this federal regulatory proposal
would lead to a significant departure from carbon-intensive
technologies and systems and then affect investments in the
electricity generation sector. To meet this standard, new
pulverized coal (PC) power plants have to employ CCS
technology to reduce CO, emissions by roughly 50% to the
level of NGCC power plants. However, stricter new source
performance standards could include NGCC power plants in
the regulation scope as well.
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Table 1. Performance and Costs of Coal- and Natural-Gas-Fired Power Plants Subject to U.S. EPA’s 1000 Ib of CO,/MWh

Gross EPS

category variable

parameters EPS

plant type
fuel type
CCS
gross electrical output (MW)
net electrical output (MW)
net plant efficiency (HHV, %)
capacity factor (%)
cost basis (dollar type)
discount rate (%)
fixed charge factor (fraction)
plant life (year)
fuel price ($/GJ)
labor rate ($/h)
CO, transport cost ($/ton)
CO, storage cost ($/ton)

results CO, removal (mass, %)

CO, emission rate

(Ib/MWh gross)
(Ib/MWh net)
plant LCOE (2010 constant $/MWh net)

added cost for CCS (or CCS cost) (2010 constant $/MWh net)

power plants with and without CCS

no yes/no yes

SC PC NGCC SC PC
Illinois no. 6 coal natural gas Illinois no. 6 coal
no no Amine
589.7 540.9 640.1
550.0 526.6 550.0
38.4 50.0 324
75 75 75
constant constant constant
7.09 7.09 7.09
0.113 0.113 0.113
30 30 30
1.55 6.51 1.55
34.65 34.65 34.65
0 0 2

0 0 3

0 0 4S.5
1678 782 1000
1799 803 1165
59.4 63.4 79.9

0 0 20.5

The CO,flooding enhanced oil recovery (CO,-EOR)
method has been applied to oil production and offers the
potential for storing CO,. Currently, the CO,-EOR accounts
for about 5% of domestic crude oil production in the United
States."' Employing “new generation” CO,-EOR technologies
in domestic oil fields would offer storage capacity of more than
28 gigatons of CO,, which is equal to the amount of CO,
captured from 151 GW coal-fired power plants.'* Using the
CO, captured from fossil fuel power plants for the EOR can
reduce the CO, capture cost while avoiding the CO, storage
cost, despite the fact that there remain numerous issues with
EOR, such as verifiable permanent storage and large-scale
implementation."

The major objectives of this paper are, therefore, to (1)
quantify and compare the performance and cost impacts of
applying a technology-neutral CO, emission performance
standard (EPS) to PC- and natural-gas-fired baseload power
plants and (2) evaluate the role of CO, use in accelerating CCS
deployment in the context of regulating CO, emissions. To
reach these aims, we conduct plant-level modeling to
investigate a series of policy scenarios. More specifically, we
start from the U.S. EPA’s currently proposed standard to
analyze a range of regulatory scenarios that would require CO,
emission reductions. T'o meet these standards, an amine-based
CCS system representing current commercial technology is
employed at PC and NGCC plants when needed. We
systematically estimate and compare the performance and
costs for PC and NGCC plants over a range of performance
standards. We particularly explore how high natural gas prices
could economically facilitate the deployment of CCS at coal-
fired power plants. Lastly, we quantify the role of storing CO,
with the EOR in reducing the CCS cost. To be consistent with
the U.S. EPA’s proposal, the performance standards that we
evaluate here are measured on the basis of the gross electrical
output and also are presented in the English unit system,
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whereas other variables (except for CO, emission rates) are in
the metric unit system.

2. INTEGRATED SYSTEM APPROACH

To accelerate the evaluation and development of fossil energy
technology, we developed an integrated computational tool for
techno-economic analysis and design of a fossil fuel power plant
with CCS. The newly enhanced Integrated Environmental Control
Model (IECM, version 8.0) was employed to conduct plant-level
modeling for PC and NGCC power plants under the CO, EPS
regulation. The IECM, a publicly available computer-modeling tool,
was developed by Carnegie Mellon University for the U.S. Department
of Energy’s National Energy Technology Laboratory (DOE/NETL) to
offer systematic estimates of performance, costs, and environmental
emissions of fossil fuel power plants with and without CCS."* The
model also provides the capability to characterize uncertainties of key
performance and cost criteria and perform probabilistic assessments of
current and advanced system designs under the common framework."

The IECM applies fundamental mass and energy balances along
with empirical data to formulate process performance models and
further link them to engineering—economic models that estimate the
capital cost, annual operating and maintenance (O&M) costs, and
total levelized annual cost of an overall power plant and a variety of
environmental control options."* The costing method and nomencla-
ture employed in the IECM are based on the Electric Power Research
Institute’s (EPRI) Technical Assessment Guide (TAG).'® Current
IECM default data for PC and NGCC power plants and amine-based
CCS systems were derived mainly from detailed cost studies by DOE/
NETL.*” The detailed 2performance and cost models for the IECM are
available elsewhere.'”™

Here, the major performance metrics that we adopt for regulatory
assessments are CO, removal efficiency and net plant efficiency [high
heating value (HHV) basis], while the key cost measures are total
annual levelized cost of electricity (LCOE) for an overall plant and
added cost for CCS or called CCS cost. We also report the cost of
CO, avoided, which is the most commonly used measure to quantify
the average cost of avoiding a ton of atmospheric CO, emissions while
still providing a unit of electricity to customers.?

We first employ the IECM to establish “base case” PC and NGCC
power plants without CO, capture, which comply with federal New
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Source Performance Standards (NSPS) for air and water pollutants.
The base PC plant is configured with a supercritical (SC) boiler, while
the base NGCC plant is configured with two GE 7FB gas turbines and
a heat recovery steam generator. When an amine-based CO, capture
system is installed, the stream used for sorbent regeneration is
extracted from the power steam cycle for the base cases. To evaluate a
range of regulatory scenarios, we determine the CO, removal
efficiency required for each type of plant to comply with the proposed
standards and further estimate the plant performance and cost. The
differences in the major performance metrics and cost measures
between the plants with and without CCS are used to quantify the
impacts of employing CCS to meet the proposed EPS. For example,
we report the CCS cost as the difference in plant LCOE between a
plant with amine-based CCS and a “reference” plant without capture.
In particular, we conduct sensitivity and probabilistic analyses to reveal
the performance and cost impacts of major parameters under
variability or uncertainty for the cases subject to the U.S. EPA’s
currently proposed EPS. We also undertake parametric analyses on
natural gas fuel and CO, sale prices (when applicable) to investigate
their effects on the CCS deployment. To achieve partial CO, capture,
this study adopts the bypass design because it is a cost-effective option
for non-full CO, control by amine-based capture systems.”’

3. PC AND NGCC POWER PLANTS SUBJECT TO U.S.
EPA’S CURRENT CO, EPS

In this section, we first comparatively evaluate the performance
and costs of fossil fuel power plants subject to the U.S. EPA’s
current standard and then examine the impacts of key
parameters and factors on the plant performance and costs as
well as the deployment of CCS at coal-fired power plants. Table
1 presents the major technical and economic metrics defining
the “base case” power plants. Table 2 gives detailed
performance parameters of the amine-based capture system.

Table 2. Detailed Performance Parameters of the Amine-
Based Capture System

variable nominal value
sorbent type Econamine FG+
sorbent concentration (wt %) 30
CO, removal efficiency (%) 90
maximum train CO, capacity (tons/h) 208.7
lean CO, loading (mol of CO,/mol of sorbent) 0.19
sorbent losses (kg/ton of CO,) 0.3
liquid/gas ratio 3.0
ammonia generation (mol of NH;/mol of sorbent) 1.0
gas-phase pressure drop (kPa) 6.9
ID fan efficiency (%) 75
regeneration heat requirement (kJ/kg of CO,) 3517
heat—electricity efficiency (%) 18.7
solvent pumping head (MPa) 0.207
pump efficiency (%) 75
capture system cooling duty (tons of H,0O/ton of CO,)  92.6
CO, product pressure (MPa) 13.8
CO, compressor efficiency (%) 80

3.1. Scenarios To Meet a 30 Year Average EPS. The
performance standard proposed by U.S. EPA provides new
power plants with a flexible 30 year averaging compliance
option that the weighted average CO, emissions rate from the
facility over the 30 years would be equivalent to the standard of
1000 Ib of CO,/MWh of electricity (0.454 kg/kWh) on the
gross basis.> Thus, there are different scenarios to meet the
proposed standard: a new power plant is built together with
CCS at startup, or in other ways, CCS with high carbon
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removal capabilities is installed some years later after the new
plant is built. Figure 1 shows that, when an amine-based CCS
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Figure 1. Feasible scenarios for PC power plants to meet the U.S.
EPA’s proposed 1000 Ib of CO,/MWh gross EPS on average over a 30
year period.

system is added to the illustrative supercritical PC power plant
at startup, the CO, removal requirement is 45% over the entire
30 years and, when the capture system is added 10 years later
after a new plant is built, the CO, removal requirement is about
65% over the rest of the 20 years. Because the maximum cost-
effective removal efficiency is 90% for a typical amine-based
CO, capture system,”” the allowable longest waiting time for
deploying CCS is about 16 years to ensure the compliance with
the 30 year average standard. Beyond the 16th year, the base
PC plant unlikely meets the proposed standard. In this paper,
our assessments focus only on the scenario of adding CCS to a
new plant at startup. This analysis does not consider potential
future cost reductions (e.g, “learning by doing”) over time,
which are dependent upon CCS deployment scenarios.***

3.2. Performance and Cost Estimates for PC and
NGCC Power Plants. We apply the IECM to estimate the
performance and costs of PC and NGCC power plants under
the EPS regulation. The major results are also presented in
Table 1. To comply with the proposed EPS, the base PC plant
has to capture 45.5% of total CO, emissions on the mass basis,
whereas the base NGCC plant has no need for CCS. To
achieve the required partial CO, capture, about half of the total
flue gas is bypassed at the PC plant and the rest of the flue gas
enters the amine system, in which 90% of the inlet CO, is
captured. As a result of the considerable energy requirements
(e.g, steam use and electricity to power pumps, fans, and
compressors) as well as a variety of capital and O&M costs for
the capture system, adding CCS to the PC plant decreases the
net plant efficiency from 38.4 to 32.4% and increases the plant
LCOE by 34.5% from 59.4 to $79.9/MWh in 2010 constant
dollars. Furthermore, the resulting cost of CO, avoided for the
PC plant with and without partial CCS is $71/metric ton of
CO,. The PC plant with CCS has $16.5/MWh more plant
LCOE than the NGCC plant without CO, capture.

To reduce the efficiency penalty on main power cycles, the
steam used for sorbent regeneration can also be supplied by an
auxiliary natural-gas-fired boiler, esrecially when CCS is
retrofitted to existing power plants.” Therefore, we further
investigate two alternative process designs for the capture
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system: an auxiliary boiler only for steam generation and an
auxiliary boiler plus a secondary steam turbine for both steam
and power generation. The gas-fired boiler efficiency is assumed
to be 80%,” while the thermal efficiency of the auxiliary system
for both steam and electricity generation is assumed to be
35%.%%3" The results given in Table 3 show that, to ensure the

Table 3. Performance and Cost of the PC Power Plant with
an Auxiliary Natural Gas Boiler under Regulation of 1000
Ib/MWh Gross EPS

auxiliary natural gas boiler (yes or no?)

regulatory compliance of total CO, emissions from the primary
plant and auxiliary combustion system, the alternative case
without auxiliary electricity generation has higher CO, removal
efficiency required for the primary plant than the base case
illustrated earlier because there is no control for CO, emissions
from the auxiliary combustion system. Requiring a larger CO,
removal efficiency for the primary plant, along with burning
expensive gas fuel only for steam use, leads to more CCS cost
compared to the base case using steam extracted from the main
power cycle. In comparison between the alternative designs, the
process for providing both steam use and auxiliary power
output requires a lower CO, removal efficiency and appears

yes more efficient and cost-effective because of additional power
variable no steam only steam + power credit.
gross plant power output (MW) 640.1 6392 5257 3.3. Effects of Key Parameters on Plant Performance
auxiliary power output (MW) 0 0 95.1 and Cost. A sensitivity analysis was carried out for the base PC
total gross power output (MW) 640.1 639.2 620.8 plant under the EPS regulation to investigate the effects of key
net plant power output (MW) 550.0 550.0 550.0 parameters on CO, removal efficiency and added cost for CCS.
net plant efficiency (%) 324 29.7 34.1 When a parameter is evaluated, other parameters were held at
fuel price ($/GJ) their base case values, unless otherwise noted.
coal L5S 1.55 1.55 The analysis started from the two important plant design
natural gas 6.51 6.51 factors: plant type and coal quality.” The three plant types
CO, removal (mass, %) 45.5 517 45.1 considered include subcritical, supercritical (SC), and ultra-
total CO, emission rate supercritical (USC) steam generation units using Illinois no. 6
(Ib/MWh gross) 1000 1000 1000 coal. The CO, emission rates of the three plants without CCS
(Ib/MWh net) 1165 1162 1129 are 1776, 1678, and 1529 Ib of CO,/MWh gross (0.806, 0.761,
plant LCOE 79.9 92.6 85.0 and 0.694 kg/kWh), respectively. Therefore, the CO, removal
(2010 constant $/MWh net) . . . .
ded p efficiencies required to meet the EPS are different among the
& (2601(§ocsct>n:trax§C$S/MWh net) 205 332 256 three plants. Panels a and b of Figure 2 show the effects of plant
type on CO, removal requirement and added cost for CCS. As
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Figure 2. Variability by power plant and coal types in CO, removal requirement and added cost for CCS at coal-fired power plants subject to the

1000 Ib of CO,/MWh gross EPS.
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a result of improving the plant efficiency, the CO, removal
requirements for the three plants are 49.5, 45.5, and 39.0%,
respectively. In comparison to the subcritical PC plant, the SC
and USC PC plants have 3.5 and $8.9/MWh less CCS costs,
respectively.

The three coal ranks considered include Illinois no. 6
bituminous coal, a Wyoming Power River Basin (PRB) sub-
bituminous coal, and a North Dakota lignite coal. Table 4

Table 4. As-Fired Coal Properties

variable Illinois no. 6 Wyoming PRB  North Dakota lignite
heating value (kJ/kg) 27140 19400 14000
carbon (%) 63.75 48.18 35.04
hydrogen (%) 4.5 3.31 2.68
oxygen (%) 6.88 11.87 11.31
chlorine (%) 0.29 0.01 0.09
sulfur (%) 2.51 037 116
nitrogen (%) 1.25 0.7 0.77
ash (%) 9.7 532 1592
moisture (%) 11.12 30.24 33.03
cost ($/ton) 42.09 9.645 16.84

summarizes coal properties in detail. For the three plants
without CO, capture, the CO, emission rates are 1678, 1821,
and 1905 Ib of CO,/MWh gross (0.761, 0.826, and 0.864 kg/
kWh), respectively. Panels ¢ and d of Figure 2 show the effects
of complying with the proposed EPS on CO, removal
requirement and added cost for CCS. In comparison to the
base plant fired with Illinois no. 6 coal, the CO, removal
requirement for the plant fired by North Dakota lignite

increases by 8% (from 45.5 to 53.5%) and the resulting CCS
cost increases by $7.7/MWh.

We conducted additional sensitivity analysis for several major
parameters related to plant utilization and economic
assumptions, including the plant capacity factor (CF), fixed
charge factor (FCF), CO, transport and storage (T&S) costs,
and total indirect capital cost of the CO, capture system. Figure
3 shows the resulting effects on the CCS cost at the SC PC
plant subject to the proposed standard. The ranges of
parameter values shown in Figure 3 are based on recent
studies.”’®> Over the given parameter range, the CCS cost
increases by 27, 5, and 3% in response to the changes in FCF,
CO, T&S costs, and total indirect capital cost of the CO,
capture system, respectively, whereas it decreases by 17% when
the plant CF varies from 65 to 85%. Among the several
parameters, the CF and FCF have more pronounced effects on
the CCS cost.

3.4. Probabilistic Added Cost for Partial CCS at Coal-
Fired Power Plants. Sensitivity analysis has only limited
ability to account for the collective effects of multiple uncertain
parameters and to provide likelihood information for a specific
To overcome these limitations, we used the
probabilistic capability of the IECM to characterize the effect
on the CCS cost of uncertain variables identified in the
sensitivity analysis demonstrated above. Table S summarizes
the assumed distribution functions of uncertain parameters for
the base SC PC plant and CCS, referring to our recent cost
study for NGCC plants."

To account for the correlated variables in comparing two
uncertain plants, the identical set and sequence of 500 random
samples over the probabilistic simulation was assigned to the
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Figure 3. Effects of selected major parameters on added cost for CCS at coal-fired power plants subject to the 1000 Ib of CO,/MWh gross EPS.
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Table S. Assumed Distributions of Uncertain Parameters for
Supercritical Coal-Fired Power Plants with and without
Amine-Based CCS

nominal distribution
section variable value function

base plant capacity factor (%) 75 uniform (65, 85)

plant g4 charge factor (fraction) 0.113 uniform (0.100,
0.150)
coal cost ($/GJ) 1.55 uniform (1.17,
1.94)

CCS ID fan efficiency (%) 75 uniform (70, 75)
pump efficiency (%) 75 uniform (70, 75)
regeneration heat required 3517 uniform (3000,

kJ/kg of CO,) 3900)
cooling duty 92.6 triangular (67,
(tons of H,O/ton of CO,) 92.6, 162)
sorbent loss (kg/ton of CO,) 0.30 triangular (0.2,
0.30, 1.55)
solvent pumping head (MPa) 0207  triangular (0.03S,
0.207, 0.248)
CO, product pressure (MPa) 13.8 uniform (12.4,
152)
CO, compressor efficiency (%) 80 uniform (75, 85)
total indirect capital cost 37 uniform (20, 60)
(% of process facilities capital)
miscellaneous capital cost 2 uniform (2, 10)
(% of total plant investment)
amine cost ($/ton) 2476 uniform (2228,
2724)
CO, transport cost 2 uniform (1, 5)

($/ton of CO,)

CO, storage cost ($/ton of CO,) 3 uniform (1, 5)

variables common to both plants (including the plant CF, FCF,
and coal cost), while independent variables for the CCS were
sampled randomly."”> We employed the established procedure
of probabilistic comparative assessment to yield a distribution
function for the difference in the plant LCOE between the two
SC PC plants with and without CCS. The difference is the
added cost for CCS installed to meet the performance standard.
The detailed assessment procedure is available elsewhere.”®

Figure 4 shows the probabilistic estimates of plant CO,
emission rate and CCS cost. The resulting distribution of the
plant CO, emission rate has a mean value of 1006 1b of CO,/
MWh gross (0.456 kg/kWh), which basically complies with the
standard. The resulting distributions for the CCS cost have
mean values of $24/MWh and 38% on the metrics of absolute
dollar and incremental cost percentage (relative to the non-
capture PC plant), respectively. Their 95% confidence intervals
range from 19.5 to $29.1/MWh on the absolute dollar basis and
from 33.6 to 42.6% on the percentage basis. The mean values
are higher than the corresponding deterministic CCS cost given
in Table 1. Given the assumed parameter distributions, the
probability that the CCS cost will exceed the deterministic
estimate is roughly over 90%, mainly because of the assumed
non-symmetric distribution of FCF relative to the nominal
deterministic value.

3.5. Effect of the Natural Gas Price on CCS Deploy-
ment at Coal-Fired Power Plants. Investing new coal-
versus natural-gas-fired power plants in competition for
electricity supply is influenced by gas fuel price and plant
utilization. Although recent U.S. annual average natural gas
prices substantially fell from the highest $9.3/GJ (2010 dollars)
in 2008, natural gas prices are projected to rise by 2.1%/year
from 2010 to 2035 and to reach $7.0/GJ (2010 dollars) on an
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Figure 4. Probabilistic CO, emission rate and added cost for CCS at
SC PC power plants subject to the 1000 Ib of CO,/MWh gross EPS.

annual average in 2035, which vary with economic growth and
shale gas well recovery rates.’” Thus, we take an outlook at how
high natural gas prices could economically foster the deploy-
ment of CCS at coal-fired power plants subject to the U.S.
EPA’s current standard.

Figure S shows the plant LCOE as a function of the natural
gas price for the NGCC plant without CCS. The horizontal line
shown in Figure S represents the cost of the base PC plant with
CCS. The two cost lines intersect at a breakeven natural gas
price, where both of the plants have the same LCOE. For the
baseload plants given in Table 1, the breakeven gas price is
about $8.8/G]J, which is close to the aforementioned peak price.
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Figure S. Breakeven natural gas price to facilitate CCS deployment at
SC PC power plants subject to the 1000 Ib of CO,/MWh gross EPS.

For a natural gas price below this value, the non-capture NGCC
plant has a lower LCOE than the PC plant with partial CO,
capture. At higher natural gas prices, the capture PC plant
becomes more economically attractive.

In addition to the gas price, the plant capacity factor is also a
key parameter affecting the LCOE of power plants."> The
national average capacity factors of U.S. NGCC plants
increased from 40 to 50% for peak hours (from 6:00 am to
10:00 pm) and from 26 to 32% for nonpeak hours (from 10:00
pm to 6:00 am) between 2005 and 2010.>® Although average
use of the gas-fired plant fleet is rising, NGCC plants still
operate at the capacity factors much less than the assumed

value for new baseload plants. Thus, Figure S also shows the
effect of a low capacity factor that represents the current
national average level. The breakeven gas price decreases to
$6.8/GJ when the NGCC plant capacity factor decreases from
75 to 40%. The rising of the NGCC plant use elevates the
breakeven gas price.

4. PC AND NGCC POWER PLANTS SUBJECT TO MORE
STRINGENT CO, EMISSION LIMITS

To achieve large reductions (50—80%) in U.S. GHG emissions
would require the deployment of CCS at natural-gas-fired
power plants to some extent.”>* More stringent standards than
the U.S. EPA’s current standard discussed above could help
fulfill this requirement by limiting CO, emissions from NGCC
plants as well. Therefore, we next evaluate stringent EPS at
three levels of 300, 500, and 700 Ib of CO,/MWh gross (0.136,
0.227, and 0.318 kg/kWh).

4.1. Power Plant Performance and Added Cost for
CCS. To meet the stringent performance standards, CO,
emission reductions are required for both the PC and NGCC
plants. Figure 6 shows the effects of complying with the three
stringent standards on the plant performance and costs. Over
the increasingly stringent standards from 700 to 300 Ib of CO,/
MWh gross, the CO, removal efficiency required increases
from 63.3 to 85.0% for the PC plant, whereas it just increases
from 11.5 to 64.2% for the NGCC plant because of the
reference gas plant (non-capture plant)’s lower CO, emission
rate. As a result of adding the amine-based CCS to meet the
three standards, the net plant efficiency (HHV) is decreased
from 30.5 to 28.2% for the controlled PC plant and from 49.1
to 45.1% for the controlled NGCC plant and the added cost for
CCS in percentage (relative to the non-capture plant) varies
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from 46.9 to 65.5% for the PC plant and from 7.0 to 26.0% for
the NGCC plant. In comparison between the PC and NGCC
plants subject to the same standards, the PC CCS plant has
$23.1/MWh more CCS cost than the NGCC CCS plant on
average over the three standards.

4.2, CO, Avoidance Cost. The cost of CO, avoided is an
important measure for economic analysis of employing CCS to
meet CO, performance standards, which is different from the
cost of abatement that typically involves multiple CO, emission
sources as well as changes in electricity demand.*® The
avoidance cost is also equal to the breakeven CO, emission
tax at which the plants with and without CCS have the same
LCOE, while CO, emissions are taxed or priced to stimulate
the use of CCS."

The choice of reference plant affects the estimate of CO,
avoidance cost.”® Figure 7a shows an illustrative NGCC plant

100
SCPC, Partial CCS
g
‘B ';g‘ 90
3
EE
TS 80
‘g o
8%
- 5
%g 70
TS
23
o, 60
E
~ SCPC, none CCS
50 T T T T - |
[i] 250 500 750 1000 1250 1500 1750 2000
CO, Emission Rate (IbV/MWh-gross)
(a)
150
J =S5CPC
125 A +NGCC

100

(2010 Constant $/t CO,)
-]
L

=

Cost of CO, Avoided
wh
(=]

[
wh

0 : - - - T
300 400 500 600 T00 800 900 100
CO, Emission Performance Standard (1b/M Wh-gross)
®)

Figure 7. Costs of CO, avoided for meeting stringent CO, EPSs.

that installs a CCS system to meet the performance standard of
500 Ib of CO,/MWh gross. When compared to the same
NGCC plant without CO, capture, the cost of CO, avoided by
the NGCC plant with and without CCS is $84.5/ton of CO,.
When compared to a non-capture SC PC plant, the cost of CO,
avoided is just $25.4/ton of CO,, representing the cost of
carbon reductions if a NGCC plant with CCS is built in lieu of
a PC plant without CCS. In this example, the difference in the
incremental cost of CCS relative to the reference plant between
the NGCC and PC cases is just $4.0/MWh. In contrast, the
CO, emission reduction shown in Figure 7a is 78% smaller for
the NGCC reference plant compared to the PC reference plant.
As a result, the avoidance cost based on the non-capture
NGCC reference plant is much higher.

Figure 7b shows the cost of CO, avoided as a function of
EPS for both the PC and NGCC plants. In these cases, the
reference plant is identical to the capture plant in terms of plant
type. The cost of CO, avoided shows a decreasing trend for
both types of power plants when the CO, EPS becomes
increasingly stringent. The relatively high incremental cost for a
small CO, emission reduction (11.5%) at the NGCC plant
results in the largest CO, avoidance cost occurring to the 700 Ib
of CO,/MWh gross standard. For any given stringent standard,
the cost of CO, avoided by the NGCC plant with and without
CCS is significantly higher than that for the PC plant mainly
because of the fact that the reference NGCC plant has
approximately half of the CO, emission rate of the reference
PC plant. However, the difference in the avoidance cost
between the NGCC and PC plants decreases from 59 to $15/
metric ton of CO, when the EPS becomes increasingly
stringent from 700 to 300 Ib of CO,/MWh gross.

4.3. Breakeven Natural Gas Prices. We also are
interested in knowing how stringent CO, performance
standards would influence the breakeven natural gas prices.
Figure 8a shows the plant LCOE as a function of the natural
gas price for the NGCC plant subject to the performance
standard of 500 Ib of CO,/MWh gross. The resulting
breakeven gas price is about $9.1/G]J for the PC and NGCC
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Figure 8. Breakeven natural gas prices to promote CCS deployment at
PC power plants subject to stringent CO, EPSs.
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capture plants under this standard. We did similar calculations
for other standards. Figure 8b shows that, over the range of
performance standards from 300 to 1000 Ib of CO,/MWh
gross, the breakeven natural gas prices do not vary significantly
and have a mean value of $8.9/GJ, which is 37% higher than
the gas price assumed for the baseload NGCC plant given in
Table 1. This result reveals that, in comparison to natural-gas-
fired power plants, coal-fired power plants with CCS become
economically more attractive only under the conditions of high
gas prices, no matter what the performance standard is to limit
CO, emissions from new fossil-fuel-fired power plants.

5. ROLE OF CO, UTILIZATION IN ACCELERATING CCS
DEPLOYMENT

The quantitative assessments performed above for a series of
regulatory scenarios clearly exhibit significantly incremental
costs for employing current CCS systems to meet CO,
performance standards. To spur the commercial deployment
of CCS in the context of regulating CO, emissions, a “simple”
approach is to utilize the captured CO, to lower the CCS cost.
To address this, we perform a parametric analysis on the CO,
sale price to quantify the potential of CO,-EOR in reducing the
CO, capture cost. Although the subject of our assessment is
focused on the CO,-EOR, the relations of the incremental cost
for CO, capture with the CO, sale price can definitely be
referred to for other CO, use applications in terms of the
nature of the analysis. The precondition of achievable large-
scale CO, utilization with storage is assumed for the analysis.

In relation to the price of crude oil, the commercial CO,
price falls roughly within the range from 25 to $65/metric ton
when the crude oil price is $100/barrel.>* For a lower oil price
of $70/barrel, the CO, price could be $45/metric ton.'
Therefore, our parametric analysis covers the CO, sale price for
capture plants from 0 to $45/metric ton of CO,. For
assessments, we first estimated the plant LCOE as a function
of the CO, sale price for the regulated power plants with CO,
capture and utilization (CCU). In all of these estimates, the
cost of transporting CO, to an EOR field still was assumed to
be $2/metric ton of CO,. However, there was no CO, storage
cost considered any more.

5.1. Effects of CO,-EOR on Coal-Fired Power Plants
Subject to the U.S. EPA’s Current Performance Stand-
ard. Figure 9 shows the effect of the CO, sale price on the
added cost for CCU at coal-fired power plants subject to the
U.S. EPA’s current standard. Less than the CCS cost ($20.5/
MWh) in the base case given in Table 1, the CCU cost
decreases from $19.2/MWh when the sale CO, price increases
from zero. At a sale CO, price of $10/metric ton, equal to the
tax credit for CO, sequestration via an EOR or natural gas
recovery project,* the added cost for CCU is $14.8/MWh,
which is 28% less than that for the base CCS case. The CCU
cost is fully offset by the revenue of CO, sold at the price of
$43.5/metric ton. For a sale CO, price above this threshold
value, the PC plant with CCU has a lower LCOE than the non-
capture PC plant and becomes economically attractive.

Referring to Figure S, we also estimated the breakeven
natural gas prices for the cases using the captured CO, for the
EOR. Figure 10 summarizes as a function of the CO, sale price
the breakeven natural gas price at which the non-capture
NGCC plant has the same LCOE as the PC plant with CCU.
As shown in Figure 10, using the captured CO, leads to
noticeable reductions in the breakeven natural gas price from
8.6 to $5.9/GJ when the CO, price increases from 0 to $45/
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Figure 9. Effect of the CO, price for EOR on the added cost for CCU
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Figure 10. Effect of the CO, price for EOR on the breakeven natural
gas price to facilitate CCU deployment at PC power plants subject to
the 1000 Ib/MWh gross EPS.

metric ton. Future natural gas prices may fall within this range
in terms of the U.S. Energy Information Administration (EIA)’s
projections.”® Thus, it could be inferred that large-scale CO,
use is beneficial to not only CO, capture deployment but also
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Figure 11. Costs of coal- and natural-gas-fired power plants with CCU under an EPS regulation.

continued coal use in competition with natural gas use for low-
carbon electricity generation.

5.2. Effects of CO,-EOR on Coal- and Natural-Gas-
Fired Power Plants Subject to More Stringent Perform-
ance Standards. Here, we investigate the cost impacts of
CO,-EOR for coal- and natural-gas-fired power plants under
the regulation of more stringent performance standards than
the U.S. EPA’s current proposal. Figure 11 presents the plant
LCOE as a function of the CO, sale price for the PC and
NGCC power plants with CCU, while Figure 12 shows the
effects of increasing the CO, sale price on the added cost in
percentage for CCU at the PC and NGCC plants. Obviously,
the rising of the CO, sale price decreases the plant LCOE. In
comparison to the NGCC plant, the PC plant with CCU is
more sensitive to variation of the CO, sale price mainly because
of more CO, emission reductions required to meet the
performance standards. Around a CO, sale price of roughly
$40/ton shown in Figure 12a, the added costs for CCU at the
PC plant over the stricter standards are fully offset by the
revenue from selling the captured CO, for the EOR. However,
Figure 12b shows that, at this CO, price, there are still a few
percentages (4—8%) of incremental cost for CO, capture at the
regulated NGCC plant.

For any given standard, the two cost lines shown in Figure 11
intersect at a breakeven CO, sale price at which both the PC
and NGCC plants under the EPS regulation have the same
LCOE. For a CO, sale price above the breakeven value, the PC
plant with CCU has a lower LCOE than the NGCC plant with
CCU. For a CO, sale price smaller than this value, the NGCC
plant with CCU has less plant LCOE. Figure 13 further exhibits
that the breakeven CO, sale price decreases from 34.4 to
$23.8/metric ton of CO, when the EPS becomes increasingly

4299

tight from 1000 to 300 Ib of CO,/MWh gross. This trend
informs that, under the regulation of more stringent perform-
ance standards, just moderate commercial prices for CO, use
could facilitate continued coal use for low-carbon electricity
generation.

6. CONCLUSION

This paper has quantitatively outlined the performance and cost
impacts of applying CO, performance standards to fossil fuel
power plants. Complying with the standards from 1000 to 300
Ib of CO,/MWh gross would require CO, emission reductions
of roughly 45—85% for new PC plants and 0—65% for new
NGCC plants. As a result of employing current amine-based
CCS to meet the standards, the plant LCOE is increased by
35—66% for new PC plants and by 0-26% for new NGCC
plants. For coal-fired power plants, improvements in power
plant efficiency and the use of high-rank coals can lower the
CO, emission reduction requirements and associated CCS
costs.

In comparison between the PC and NGCC plants subject to
the same standards, the compliance of plant CO, emissions
with performance standards results in much higher CCS costs
for coal-fired power plants on an absolute basis ($/MWh), no
matter where the steam used for sorbent regeneration
originates. The cost advantage of gas-fired power plants could
be diminished by gas prices above the breakeven price of
approximately $9.0/GJ for new baseload plants subject to a
range of performance standards. However, the breakeven gas
price is still much higher than current gas prices and the EIA’s
projections. Thus, coupling CO, EPSs with other strategies and
policies appears necessary to maintain continued investments
on coal-fired power plants. The caveat on this plant-level
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assessment is that based on historical data, the capacity factor
for an NGCC plant may be not as high as assumed here for
baseload plants when the gas price is sufficiently high. Lower
capacity factors would increase the LCOE, making NGCC
plants less attractive. A region-specific dispatch model is needed
to rigorously assess the relationship between capacity factor and
gas price.
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When the CO, captured from power plants is utilized for the
CO,-EOR, at a commercial price of roughly $40/metric ton of
CO,, the revenue from selling the captured CO, could fully
offset the CO, capture cost for coal-fired power plants over the
given range of performance standards. Higher CO, prices
would be required to fully pay for CO, capture at NGCC plants
under the regulation of stricter standards than the U.S. EPA’s
current standard. Because selling the CO, captured from coal-
fired plants pronouncedly decreases the breakeven natural gas
price to moderate levels, using the captured CO, for CO,-EOR
or other applications would facilitate continued coal use in
competition with natural gas use for low-carbon electricity
generation, especially in the markets that have high natural gas
prices.

Our assessments reflect current commercial CCS systems
and reveal significantly incremental costs incurred by the
compliance with a range of CO, performance standards.
Learning curve studies on the future cost of power plants with
CO, capture exhibit a nearly 30% reduction in the CO, capture
cost for new PC plants and a 40% reduction for new NGCC
plants using improved technologies.® Here, our system analyses
highlight that implementation of large-scale CO, utilization
would offer an economically feasible platform for accelerating
the CO, capture deployment to meet performance standards.
To realize these potential cost reductions, there is a strong need
for intensively supporting research and development on
advanced technologies for carbon capture, utilization, and
storage (CCUS). In the meantime, increasing a variety of large-
scale CCUS demonstration applications would foster learning
by doing to reduce CCUS costs. Energy and climate policies are
drivers needed to incentivize innovations and market establish-
ment for CCUS technologies.

B AUTHOR INFORMATION

Corresponding Author
*Telephone: +1-412-268-1088. Fax: +1-412-268-3757. E-mail:
hbzhai@cmu.edu.

Notes

Disclaimer: All opinions, findings, conclusions, and recom-
mendations expressed in this paper are those of the authors
alone and do not necessarily state or reflect those of the United
States Government or any agency thereof.

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Support for the IECM development was provided by the DOE/
NETL under the NETL-Regional University Alliance (RUA)
program.

B REFERENCES

(1) Intergovernmental Panel on Climate Change (IPCC). Climate
Change 2001: The Scientific Basis: Contribution of Working Group I to
the Third Assessment Report of the Intergovernmental Panel on Climate
Change; Cambridge University Press: New York, 2001; http://www.
grida.no/climate/ipcc_tar/wgl/pdf/WG1_TAR-FRONT.pdf (ac-
cessed Oct 2012).

(2) National Research Council. National Academies Panel on Limiting
the Magnitude of Future Climate Change, America’s Climate Choices:
Limiting the Magnitude of Future Climate Change; National Research
Council, National Academies Press, Washington, D.C., 2010.

(3) United States Environmental Protection Agency (U.S. EPA).
Standards of Performance for Greenhouse Gas Emissions for New
Stationary Sources: Electric Utility Generating Units, 40 CFR Part 60;
U.S. EPA: Washington, D.C., 2012; EPA-HQ-OAR-2011-0660; FRL-

dx.doi.org/10.1021/ef302018v | Energy Fuels 2013, 27, 4290—4301


mailto:hbzhai@cmu.edu
http://www.grida.no/climate/ipcc_tar/wg1/pdf/WG1_TAR-FRONT.pdf
http://www.grida.no/climate/ipcc_tar/wg1/pdf/WG1_TAR-FRONT.pdf
http://pubs.acs.org/action/showImage?doi=10.1021/ef302018v&iName=master.img-011.jpg&w=239&h=377
http://pubs.acs.org/action/showImage?doi=10.1021/ef302018v&iName=master.img-012.jpg&w=205&h=148

Energy & Fuels

RIN 2060-AQ91, http://epa.gov/carbonpollutionstandard/pdfs/
20120327proposal.pdf (accessed Oct 2012).

(4) Intergovernmental Panel on Climate Change (IPCC). IPCC
Special Report on Carbon Dioxide Capture and Storage. Prepared by
Working Group III of the Intergovernmental Panel on Climate Change;
Cambridge University Press: New York, 2005.

(5) Rubin, E. S.; Chen, C; Rao, A. B. Cost and performance of fossil
fuel power plants with CO, capture and storage. jiugamiialisy 2007,
35, 4444—4454.

(6) National Energy Technology Laboratory (NETL). Cost and
Performance Baseline for Fossil Energy Plants, Revision 1; NETL:
Pittsburgh, PA, 2007; Report DOE/NETL-2007/1281.

(7) National Energy Technology Laboratory (NETL). Cost and
Performance Baseline for Fossil Energy Plants, Revision 2; NETL:
Pittsburgh, PA, 2010; Report DOE/NETL-2010/1397.

(8) Rubin, E. S.; Yeh, S.; Antes, M.; Berkenpas, M.; Davison, J. Use of
experience curves to estimate the future cost of power plants with CO,
capture. 2007, 1 (2), 188—197.

(9) Rubin, E. S. A Performance Standards Approach to Reducing CO,
Emissions from Electric Power Plants; Pew Center on Global Climate
Change: Arlington, VA, 2009; Coal Initiative Reports: Whiting Paper
Series.

(10) California Energy Commission. Greenhouse Gas Emission
Performance Standards for Baseload Electrical Generating Resources;
California Energy Commission: Sacramento, CA, 2006; California
Senate Bill 1368, Chapter 598, http://www.energy.ca.gov/emission_
standards/documents/sb_1368_bill 20060929 _chaptered.pdf (ac-
cessed Oct 2012).

(11) National Energy Technology Laboratory (NETL). Carbon
Sequestration through Enhanced Oil Recovery. Carbon Sequestration
Program Facts; NETL: Pittsburgh, PA, 2008.

(12) National Energy Technology Laboratory (NETL). Storing CO,
and Domestic Crude Oil with Next Generation CO,-EOR Technology: An
Update; NETL: Pittsburgh, PA, 2010; Report DOE/NETL-2010/
1417.

(13) Massachusetts Institute of Technology (MIT). Role of Enhanced
Oil Recovery in Accelerating the Deployment of Carbon Capture and
Sequestration. An MIT Energy Initiative and Bureau of Economic Geology
at UT Austin Symposium; MIT: Cambridge, MA, July 2010; http://
mitei.mit.edu/system/files/110510_EOR_Report_1.pdf (accessed
Oct 2012).

(14) Integrated Environmental Control Model (IECM). Carnegie
Mellon University’s Integrated Environmental Control Model Version 8.0;
Carnegie Mellon University: Pittsburgh, PA, 2012; http://www.cmu.
edu/epp/iecm/indexhtml (accessed Nov 2012).

(15) Rubin, E. S.; Zhai, H. The cost of carbon capture and storage for
natural gas combined cycle power plants. [N 2012,
46 (6), 3076—3084.

(16) Electric Power Research Institute (EPRI). TAG, Technical
Assessment Guide, Volume 1: Electricity Supply (Revision 7); EPRI: Palo
Alto, CA, June 1993; Report TR-102276-VIR7.

(17) Rubin, E. S.; Kalagnanam, J. R;; Frey, H. C.; Berkenpas, M. B.
Integrated environmental control modeling of coal-fired power
systems. [N 1997, 47, 1180—1186.

(18) Berkenpas, M. B.; Frey, H. C.; Fry, J. J.; Kalagnanam, J.; Rubin,
E. S. Technical Documentation: Integrated Environmental Control Model.
Carnegie Mellon University: Pittsburgh, PA, 1999.

(19) Rao, A. B,; Rubin, E. S. A technical, economic, and
environmental assessment of amine-based CO, capture technology
for power plant greenhouse gas control. | . 2002, 36
(20), 4467—4475.

(20) Rao, A. B, Rubin, E. S.; Berkenpas, M. B. Technical
Documentation: Amine-Based CO, Capture and Storage Systems for
Fossil Fuel Power Plant; Carnegie Mellon University: Pittsburgh, PA,
2004.

(21) Rubin, E. S.; Berkenpas, M. B; Frey, H. C.; Chen, C.; McCoy,
S.; Zaremsky, C. J. Technical Documentation: Integrated Gasification
Combined Cycle Systems with Carbon Capture and Storage; Carnegie
Mellon University: Pittsburgh, PA, 2007.

4301

(22) Berkenpas, M. B.; Kietzke, K; Mantripragada, H.; McCoy, S.;
Rubin, E. S.; Versteeg, P. L.; Zhai, H. Integrated Environmental Control
Model (IECM) Technical Documentation Updates: Final Report;
Carnegie Mellon University: Pittsburgh, PA, 2009.

(23) Zhai, H; Rubin, E. S. Performance and cost of wet and dry
cooling systems for pulverized coal power plants with and without
carbon capture and storage. FuiuganBaliss 2010, 38 (10), 5653—5660.

(24) Zhai, H.; Rubin, E. S.; Versteeg, P. L. Water use at pulverized
coal power plants with postcombustion carbon capture and storage.
. 2011, 45 (6), 2479—2485.

(25) Zhai, H.; Kietzke, K.; Rubin, E. S. IECM Technical
Documentation: Probabilistic Comparative Assessment Using the IECM;
Carnegie Mellon University: Pittsburgh, PA, 2012.

26) Rubin, E. S. Understanding the pitfalls of CCS cost estimates.
2012, 10, 181—190.

(27) Rao, A. B.; Rubin, E. S. Identifying cost-effective CO, control
levels for amine-based CO, capture systems. [N 2006,
45 (8), 2421-2429.

(28) Van den Broek, M.; Hoefnagels, R;; Rubin, E. S.; Turkenburg,
W.; Faaij, A. Effects of technological learning on future cost and
performance of power plants with CO, capture. | NG
2009, 35, 457—480.

(29) Moniz, E. J.; Jacoby, H. D.; Meggs, A. J. M,; Armtrong, R. C,;
Cohn, D. R; Deutch, J. M,; Kaufman, G. M.; Kenderdine, M. A;
O’Sullivan, F.; Paltsev, S.; Parsons, J. E.; Perrez-Arriaga, I; Webster, M.
D. The Future of Natural Gas: An Interdisciplinary MIT Study;
Massachusetts Institute of Technology (MIT) Energy Initiative
(MITEI): Cambridge, MA, 2010.

(30) NaturalGas.org. Electric Generation Using Natural Gas; http://
www.naturalgas.org/overview/uses_eletrical.asp (accessed Nov 29,
2012).

(31) Council of Industrial Boiler Owners (CIBO). Energy Efficiency &
Industrial Boiler Efficiency: An Industry Perspective; CIBO: Warrenton,
VA, 2003; http://cibo.org/pubs/whitepaperl.pdf (accessed Nov 29,
2012).

(32) U.S. Energy Information Administration (EIA). Annual Energy
Outlook 2012 with Projections to 203S; EIA: Washington, D.C., 2012;
DOE/EIA-0383(2012).

(33) US. Energy Information Administration (EIA). Average
Utilization of the Nation’s Natural Gas Combined-Cycle Power Plant
Fleet Is Rising; EIA: Washington, D.C., June 2011; http://www.eia.
gov/todayinenergy/detail.cfm?id=1730# (accessed in Oct 2012).

(34) Energy Modeling Forum (EMF). EMF 22: Climate Change
Control Scenarios; EMF, Stanford University: Stanford, CA; http://
emf.stanford.edu/research/emf22,/ (accessed May 2011).

(35) National Energy Technology Laboratory (NETL). Fossil Energy
RD&D: Reducing the Cost of CCUS for Coal Power Plants, Revision I;
NETL: Pittsburgh, PA, 2012; Report DOE/NETL-2012/1550.

(36) United States Code (U.S. Code). Title 26—Internal Revenue
Code, 26 US.C. 45Q—Credit for Carbon Dioxide Sequestration; U.S.
Code: Washington, D.C., 2006.

dx.doi.org/10.1021/ef302018v | Energy Fuels 2013, 27, 4290—4301


http://epa.gov/carbonpollutionstandard/pdfs/20120327proposal.pdf
http://epa.gov/carbonpollutionstandard/pdfs/20120327proposal.pdf
http://www.energy.ca.gov/emission_standards/documents/sb_1368_bill_20060929_chaptered.pdf
http://www.energy.ca.gov/emission_standards/documents/sb_1368_bill_20060929_chaptered.pdf
http://mitei.mit.edu/system/files/110510_EOR_Report_1.pdf
http://mitei.mit.edu/system/files/110510_EOR_Report_1.pdf
http://www.cmu.edu/epp/iecm/index.html
http://www.cmu.edu/epp/iecm/index.html
http://www.naturalgas.org/overview/uses_eletrical.asp
http://www.naturalgas.org/overview/uses_eletrical.asp
http://cibo.org/pubs/whitepaper1.pdf
http://www.eia.gov/todayinenergy/detail.cfm?id=1730#
http://www.eia.gov/todayinenergy/detail.cfm?id=1730#
http://emf.stanford.edu/research/emf22/
http://emf.stanford.edu/research/emf22/
http://pubs.acs.org/action/showLinks?crossref=10.1080%2F10473289.1997.10464063&coi=1%3ACAS%3A528%3ADyaK2sXnvVOqtLY%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fie050603p&coi=1%3ACAS%3A528%3ADC%252BD2MXhtVegt7nP
http://pubs.acs.org/action/showLinks?system=10.1021%2Fes0158861&pmid=12387425&coi=1%3ACAS%3A528%3ADC%252BD38Xms12qs7g%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.ijggc.2012.06.004
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS1750-5836%2807%2900016-3&coi=1%3ACAS%3A528%3ADC%252BD1cXlsVegsL8%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fes1034443&pmid=21329343&coi=1%3ACAS%3A528%3ADC%252BC3MXitVSgur4%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.enpol.2007.03.009
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.enpol.2010.05.013
http://pubs.acs.org/action/showLinks?system=10.1021%2Fes204514f&pmid=22332665&coi=1%3ACAS%3A528%3ADC%252BC38Xit1Ohu7Y%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.pecs.2009.05.002&coi=1%3ACAS%3A528%3ADC%252BD1MXhtlGjt77F

