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ABSTRACT 
The decoupling of fossil-fueled electricity production from atmospheric carbon dioxide emis-
sions via CO2 capture and sequestration (CCS) is increasingly regarded as an important means of 
mitigating climate change at a reasonable cost.  Engineering analyses of CO2 mitigation typically 
compare the cost of electricity for a base generation technology to that from a similar plant with 
CO2 capture and then compute the carbon emissions mitigated per unit of cost.  It can be hard to 
interpret mitigation cost estimates from this plant-level approach when a consistent base technol-
ogy cannot be identified.  In addition, neither engineering analyses nor general equilibrium mod-
els can capture the economics of plant dispatch.  A realistic assessment of the costs of carbon 
sequestration as an emissions abatement strategy in the electric sector therefore requires a sys-
tems-level analysis.  We discuss various frameworks for computing mitigation costs and intro-
duce a simplified model of electric sector planning.  Results from a “bottom-up” engineering-
economic analysis for a representative U.S. NERC region illustrate how the penetration of car-
bon capture and sequestration technologies and the dispatch of generating units vary with the 
price of carbon emissions, and thereby determine the relationship between mitigation cost and 
emissions reduction. 
 
 
N.B., This paper has been submitted to the Journal of the Air & Waste Management Association 
for review as part of the Electric Utilities Environmental Conference (Tucson, AZ; January 
2001) proceedings. 
 
 
 
 
INTRODUCTION 
 The need to reconcile stabilization of 
atmospheric carbon dioxide (CO2) with an 
energy infrastructure dependent on fossil 
fuels presents a fundamental challenge to 
industrial society.  While the CO2 emissions 
per unit of electricity generated in the US 

has decreased by roughly twenty-five per-
cent in the last half century, the amount of 
power generated has grown eleven-fold and 
electricity generation is now responsible for 
one-third of annual US CO2 emissions.1,2  
Over the next half century substantial reduc-
tions in CO2 emissions will likely be needed 
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to stabilize atmospheric CO2 concentrations 
at acceptable levels, the agreed goal of the 
Framework Convention on Climate Change 
(ratified by the US in 1992).  Continuing 
gradual increases in generating efficiency 
are not likely to yield sufficient reductions 
in CO2 production, and sweeping techno-
logical change will likely be required – a 
particular challenge for the electricity sector 
given the long lifetimes of the energy infra-
structure.  The costs of conversion and un-
certainties in the performance of alternative 
technologies preclude easy replacement of 
fossil-electric power generation. 
 Carbon capture and sequestration 
(CCS) offers a more immediate response to 
this dilemma by providing a means to sepa-
rate the energy value of fossil fuels from 
atmospheric CO2 emissions at a reasonable 
cost.3,4  Because it is highly compatible with 
the existing fossil electric infrastructure, and 
because many of the component technolo-
gies are already in use, it is plausible that 
CCS could offer a significantly cheaper 
near-term path to CO2 mitigation than is 
possible with non-fossil renewables.  New 
CCS electric plants could match existing 
units with respect to sizing and dispatch, and 
retrofits of existing coal-fired capacity is 
possible. While we do not include them in 
the analysis presented here, we recognize 
the potential importance of non-fossil re-
newables, new nuclear power, and distrib-
uted co-generation to the mitigation of CO2 
emissions.  Forecasting energy futures is a 
highly uncertain venture, and we do not of-
fer such forecasts; rather, our focus is on 
describing the methodology that is necessary 
to evaluate the role of CCS technologies.  
 Analyses of carbon sequestration 
have either taken a top-down, macro-
economic perspective,5,6 or focused on esti-
mating abatement costs at the plant level.7,8  
Few attempts have been made to assume an 
intermediate perspective and assess the costs 
of adopting CCS in tandem with changes 

already occurring in energy markets.  In par-
ticular, a systems-level analysis is needed of 
CCS as a carbon mitigation strategy in the 
electric sector – one that considers the inter-
acting effects of sunk capital investment, the 
economics of plant dispatch, and the dynam-
ics of fuel-switching.  Analyses of CCS-
related mitigation costs7,8,9 typically com-
pare the cost of electricity for a base genera-
tion technology to figures from a similar 
plant with carbon capture, and then compute 
the carbon emissions mitigated per unit of 
cost.  As the authors of these assessments 
note, a plant-level approach is misleading 
when a consistent base technology cannot be 
identified and necessarily ignores both the 
weight of sunk capital and the economics of 
plant dispatch in determining actual mitiga-
tion costs. 
 This paper explores the costs of CCS 
in the US electric market.  Our goal is to de-
scribe the need for an electric system eco-
nomic analysis rather than make a robust 
estimation of mitigation costs.  The limita-
tions of the plant-level approach to cost cal-
culation are first discussed.  We then present 
a simplified model of electric power produc-
tion to illustrate the importance of consider-
ing competition between technologies and 
the economics of plant dispatch in analyzing 
mitigation costs.  This energy systems 
model combines a limited suite of power 
generation technologies, plant vintages, and 
fuel types in a “bottom-up” engineering-
economic analysis for a representative US 
NERC region.  Model results illustrate how 
both the diffusion of carbon capture and se-
questration technologies and the dispatch of 
generating units vary with the price of car-
bon emissions, and thereby determine the 
relationship between mitigation cost and 
emissions reduction. 
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CALCULATING THE COST OF CAR-
BON MITIGATION   
 The starting point for estimating 
mitigation costs is the relationship between 
cost of electricity and intensity of CO2 emis-
sions for various technologies.  Figure 1 il-
lustrates this relationship for the total cost of 
electricity including variable expenses (fuel 
and O&M) and the cost of capital given a 
75% plant utilization. 
  The slope of the line connecting a 
given “base” generation plant to its equiva-
lent with CO2 capture determines the mitiga-
tion cost associated with building a CCS 
plant in preference to a conventional unit.  
This slope also corresponds to the carbon 
price (achieved by a carbon tax or equiva-
lent regulatory mechanism) that makes the 
cost of electricity from the technologies 
equal.  The simplest way to estimate mitiga-
tion costs is therefore to consider that a CCS 
plant must use the same fuel as the base 
plant, while holding all else constant.  We 
call this the “static fuels” approach.  Given 
the data in Figure 1, the static fuels 
mitigation cost for a new pulverized coal 
plant (PC) is approximately 100 $/tC, while 
that for a new natural gas combined cycle 
unit (NGCC) is 225 $/tC.  All other things 
being constant, for instance, a carbon tax of 
slightly greater than 100 $/tC would induce 
generators to build new coal-fired plants 
with CCS in preference to new conventional 
coal-fired units.  These estimates depend (of 
course) on fuel costs, plant utilization, and 
the uncertain cost and performance of CCS 
technologies. 
 In the real world, however, generat-
ing units are coupled with other plants in an 
integrated electric power system, thus ensur-
ing that “all other things” are not constant.  
The existing capacity, the flexibility of plant 
dispatch order, and – for new plants – the 
competition between fuels, all affect the 
evolution of the generation mix and con-

strain its response to carbon taxes, thereby 
influencing the cost of mitigation.   

While bottom-up technology cost es-
timates based on the static fuels approxima-
tion provide insight into the cost of mitiga-
tion, they cannot answer key questions that 
emerge from the dynamics of electricity 
markets.  What carbon tax threshold, for in-
stance, is required to induce the initial adop-
tion of CCS technologies?  Which technolo-
gies enter first?  And how does the price of 
natural gas influence the cost of mitigation 
and the adoption of CCS?  

Before describing the construction of 
mitigation supply curves, we review three 
fundamental limitations of the single-
technology static fuels approach to 
estimating CO2 mitigation costs.  First, a 
plant-level focus ignores fuel switching and 
assumes that a given generating technology 
will be replaced with the same technology 
incorporating carbon capture.  Recent years, 
however, have witnessed the replacement 
(when it occurs) of aging coal plants with 
combined-cycle gas units.10  Hence, it is not 
clear from the analysis of Figure 1 what base 
technology is relevant when fuel-switching 
from coal to gas competes with CCS as a 
CO2 abatement strategy.  In selecting a base 
technology, therefore, one picks a mitigation 
cost. 
 Second, one cannot ignore the im-
portance of sunk capital.  Most importantly, 
the dynamics governing the retirement of the 
existing US coal fleet will play a central role 
in mediating the entry of any new generation 
technology. The cost of electricity used in 
Figure 1 is for new plants, and includes a 
capital charge based on an assumed capital 
charge rate and lifetime for the plant.  New 
CCS power plants, however, will compete 
with existing facilities that have been “paid 
off” but remain competitive due to their 
lower overall generating costs.  A realistic 
assessment of CCS-related CO2 mitigation 
must consider this sunk capital investment.  
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One of the key factors mediating the current 
competition between coal and natural gas 
has been the increasing utilization of the old 
coal fleet.10  Once again, the issue of select-
ing an appropriate base technology cannot 
be ignored. 
 Finally, the static fuels approach as-
sumes comparable and constant levels of 
plant utilization, ignoring the economics of 
plant dispatch.  Even in a world of stable 
fuel prices this assumption is questionable.  
The flexibility of lower capital, higher mar-
ginal cost gas plants, for instance, is typi-
cally relied upon to cover peak demand, 
while lower operating cost coal units – with 
higher O&M expenses that are offset by 
cheaper fuel prices – supply base load.  A 
more realistic accounting of plant dispatch – 
reducing the load factor of gas plants to, say, 
forty percent – places the NGCC costs on 
par with those of coal units in Figure 1 as 
lower utilization increases the capital contri-
bution per unit of energy produced. 
 More specifically, plant dispatch 
considerations affect CCS-related CO2 miti-
gation cost estimates in two ways.  First, the 
use of lower emission natural gas plants to 
meet base load – a “carbon-ordered” dis-
patch strategy of the type discussed in the 
U.S. Department of Energy’s “Five-Labs” 
study11 – competes with the introduction of 
CCS as a mitigation option and so raises the 
carbon-tax threshold at which CCS enters.  
Second, if new CCS plants are added to the 
generating mix they will have relatively low 
operating costs (in the face of a carbon tax) 
and will displace existing units in the dis-
patch order.  Thus a new CCS plant will be 
utilized more than a new non-CCS plant. 
This effect will lower the threshold for in-
troducing CCS as compared to the static ap-
proach in which equal utilization of base and 
CCS plants is assumed. 
 In this paper we present model re-
sults that address the three key issues de-
scribed above: fuel switching, sunk capital, 

and dispatch.  In order to build a robust un-
derstanding of the role of CCS technologies, 
however, it will be necessary incorporate 
many of the following issues into future ana-
lyses: 

• CCS retrofits of existing plants; 
• learning and CCS cost reduc-

tions; 
• uncertainties in CCS costs and 

performance specifications; 
• the effects of volatility in natural 

gas prices; 
• and the impact of distributed 

generation on CCS as a mitigation op-
tion. 

 
 
 
MITIGATION  SUPPLY CURVES 
 The economics of CO2 emissions 
abatement may be summarized by a supply 
curve that relates the marginal cost of miti-
gation to the amount of emissions reduction 
demanded.  Such data are useful for broader 
assessments of CO2 mitigation in which 
supply curves for various sectors of the 
economy are compared in order to estimate 
the overall cost of abatement and to devise 
strategies that mitigate emissions at least 
cost.  Supply curves for electric sector CO2 
abatement, however, are a product – among 
other things – of assumptions made about 
the future price of factor inputs, competition 
between technologies, and baseline scenario.  

As an illustration, consider a supply 
curve for a new energy system with constant 
factor prices and demand, no existing capac-
ity, and no consideration of plant dispatch.  
If Figure 1 depicted the full suite of avail-
able options and no carbon tax was levied, 
utilities would install the cheapest power 
generation technology available – or all 
NGCC plants. Taking the CO2 output of the 
all NGCC system as a baseline, there would 
be no reduction in emissions below a carbon 
price of 225 $/tC.  Above this tipping point 
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NGCC plants with carbon capture would be 
installed and the baseline CO2 emissions 
would decrease by the CCS capture effi-
ciency. The solid line in Figure 2 depicts 
this scenario. 
 Now consider a world with only coal 
fired generating capacity and the same cost 
structure as above. This would be a world 
out of equilibrium: absent a carbon tax and 
transition costs, generating facilities would 
be retired in favor of new NGCC plants.  
Taking the carbon output of the existing coal 
system as a baseline, mitigation costs would 
remain negative (a “free lunch”) until the 
difference in emissions between the PC and 
NGCC systems was reached.  Above this 
abatement level, a carbon tax of 225 $/tC 
would be required to induce investment in 
NGCC technology with carbon capture.  
 If different electric generating tech-
nologies met demand independently (rather 
than in a competitive market) then it would 
be possible to construct a bottom up supply 
curve by first calculating the mitigation cost 
for each class of generating technology us-
ing the static fuels approximation and then 
sorting the results and plotting them against 
their cumulative carbon emissions to yield a 
stepwise abatement supply curve similar to 
that of Figure 2.  A supply curve constructed 
in this manner would offer tentative answers 
to the questions about CCS as an abatement 
strategy identified earlier.  An initial re-
sponse to the first question – the point at 
which CCS technologies become competi-
tive – would be when the “free lunch” of a 
mitigation supply curve like that of Figure 2 
has been consumed and abatement costs be-
come positive.  Once the transition from 
coal to gas units has taken place, further re-
ductions in carbon emissions would require 
investment in CCS technologies.  Yet this 
may not be the case if plant utilization is 
considered: increasing carbon tax rates will 
encourage a carbon-ordered dispatch strat-
egy.11  The static fuels approach to cost cal-

culation misses this important subtlety of 
electric sector economics. 
 In response to the second question – 
which CCS technologies begin to diffuse 
first? – the static fuels approximation would 
point to technologies with the cheapest miti-
gation costs – those occupying the lowest 
steps on an emissions abatement curve.  
Once again, however, changes in plant dis-
patch and the implicit choice of a non-CCS 
“base” technology affect the operating ex-
penses on which these mitigation calcula-
tions depend.  What is needed, therefore, is a 
model that captures the interactions between 
carbon taxes, the economics of dispatch, and 
investment in new generating capacity.  We 
present such a model next. 
 
CCS MITIGATION COSTS IN A DY-
NAMIC ENERGY SYSTEMS MODEL 
 Electric sector planning involves a 
coupled decision process: investment in ad-
ditional generating capacity is made taking 
into account how installed capacity – exist-
ing and new – will be used (or eventually 
retired).  Over a planning horizon, owners of 
generating assets will seek to minimize the 
net present value of future capital outlays, 
operating expenses, and fuel costs.12  This 
optimization framework expands easily to 
accommodate assessment of CCS-related 
CO2 mitigation costs.  CCS technologies, for 
instance, compete with standard NGCC and 
PC plants as investment options; likewise, 
taxes on carbon emission and the costs of 
CO2 sequestration become additional terms 
in the calculation of marginal operating 
costs. 
 In this analysis, we take a regional 
perspective and examine the diffusion of 
CCS technologies into a representative US 
NERC region.  Table 1 describes the model.  
The linear programming framework em-
ployed here assumes perfect foresight, si-
multaneously determining the new capacity 
to be added in each time interval as well as 
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per-period utilization of installed capacity 
over the full planning horizon.  Six generic 
classes of generating technologies are con-
sidered: pulverized coal (PC) and PC units 
with carbon capture (PC+CCS); single- 
(GT) and combined-cycle gas turbine 
(NGCC), plus NGCC plants with carbon 
capture (NGCC+CCS); gasified coal com-
bined-cycle plants with carbon capture 
(IGCC+CCS); and nuclear units.  As 
discussed above, the analysis presented here 
does not include renewable technologies or 
new nuclear capacity, nor does the model 
consider CCS retrofits of existing units.  The 
assessment begins with five existing vin-
tages of installed capacity, and is run over a 
forty-year investment horizon divided into 
eight five-year periods.  Technology-
specific heat rates and variable O&M costs 
are vintage-dependent. 
 U.S. Department of Energy fore-
casts13 supply fuel prices and electricity de-
mand for each time step.  Per-period demand 
is stratified into six segments (peak through 
base loads), but seasonal variation in this 
load-duration profile is ignored.  Technol-
ogy-related costs and performance specifica-
tions come from academic8 as well as indus-
trial9 sources, and reflect proven capture 
technologies (e.g., monoethanolamine 
scrubbing of post-combustion flue gasses).  
Note that both variable and capital costs are 
constant over time, with modest improve-
ments in heat rates assumed for all plants.  
This analysis is conservative about mitiga-
tion costs because it ignores both demand-
price interactions and learning effects. 
 Finally, the CCS plant operating 
costs incorporate a 25 $/tC sequestration 
cost.  Actual sequestration expenses are un-
certain and will be site-specific.  Current 
costs are negative due to the economic value 
of CO2 in such industrial applications as en-
hanced oil recovery.  The large quantities of 
CO2 that would be recovered in electricity 
generation, however, exceed present market 

needs, necessitating disposal in, for instance, 
depleted oil and gas reservoirs or deep saline 
aquifers – leading to a positive sequestration 
cost.  The 25 $/tC figure we utilize in this 
analysis reflects these considerations and is 
included to provide a fair accounting of the 
true costs of CCS in power generation. 
 Figure 3 depicts the relationship be-
tween the price of emissions and reduction 
in carbon output for this simplified electric 
sector model.  Three scenarios are illus-
trated: a “baseline” that includes the full 
suite of new capacity options described 
above; a “no CCS” case restricted to con-
ventional generating units without carbon 
capture; and a “gas + 1 $/GJ” scenario 
equivalent to the baseline, but with period 1 
gas prices set roughly thirty-percent higher 
(gas prices increase five-percent per period 
under all scenarios).  Each scenario's supply 
curve is the result of a series of model runs – 
with a given execution corresponding to a 
constant carbon price (e.g., an emissions 
tax), and prices varying in 10 $/tC incre-
ments from 0 to 200 $/tC.  The discrete 
points on each supply curve reflect the dif-
ference in aggregate carbon emissions under 
a given carbon price and a 0 $/GJ base run, 
expressed as a fraction of that scenario’s 
base run emissions.   
 In the dynamic model CCS tech-
nologies enter the generating mix at a car-
bon price of 60 $/tC.  For lower carbon 
prices, the economics favor changes in the 
dispatch order of installed capacity and the 
addition of conventional generating units 
regardless of the availability of CCS tech-
nologies as an investment option.  When 
CCS is not available, emissions reductions 
are constrained to roughly forty-percent of 
the 0 $/GJ aggregate carbon output, while 
the CCS option allows reductions up to two-
thirds of base emissions at a marginal miti-
gation cost of roughly 110 $/tC. 
 It is instructive to compare the 
60 $/tC threshold at which coal fired CCS 
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plants enter the mix in the dynamic model 
with the static results derived from Figure 1.  
In year zero of the base case the mean utili-
zation of the coal fleet is 81%.  If we use 
this figure to compute the cost of electricity 
for PC and PC+CCS plants using a static 
fuels approach, we find that a carbon price 
of 84 $/tC is needed to make the CCS plant 
preferable to the PC plant. Yet in the dy-
namic model CCS enters in preference to PC 
at a carbon price of only 60 $/tC because at 
that carbon price the utilization of the coal 
fleet has declined from 81 to 28%.  
 The decline in dispatch of the coal 
capacity with increasing carbon price that 
occurs before introduction of CCS technolo-
gies shows the model adopting a carbon-
ordered dispatch strategy – a trend consis-
tent with conclusions of the “Five-Labs” 
study.11  Figure 4 provides snapshots of 
utilization versus the price of carbon for two 
of the supply curve scenarios and illustrates 
this trend: generating units with the lowest 
carbon output provide base load capacity as 
emissions become more costly. 
 When CCS technologies are not 
available, NGCC plants displace coal units 
and less-efficient single-cycle gas turbines 
as the price of carbon emissions increases.  
The economic response in this situation in-
volves a mix of investment in conventional 
technology to replace less efficient vintages, 
increased dispatch of less carbon-intensive 
generating units, and toleration of slightly 
higher marginal operating costs.  This strat-
egy does not yield large reductions in carbon 
emissions, but it does provide an initial re-
sponse that also competes with CCS as an 
approach to carbon mitigation.  When CCS 
units are available, for instance, investment 
in gasified coal combined-cycle plants and 
NGCC units with carbon capture begins 
only when the price of carbon emissions 
reaches 60 $/tC; CCS plants supply the en-
tire non-nuclear base load once the price ex-
ceeds 100 $/tC. 

 The balance between reordering 
plant dispatch and investment in new tech-
nology as competing responses to rising car-
bon prices is strongly dependant on the price 
of natural gas.  To illustrate this dependence 
we ran a scenario in which gas prices were 
increased by 1 $/GJ  (Figure 3).  In this high 
gas price scenario the emissions are larger in 
the absence of a carbon tax than they are in 
the base case because the generating mix is 
tilted to favor coal.  Figure 5 captures this 
effect: the high-gas scenario (upper dotted 
curve) has consistently greater carbon emis-
sions than the baseline (solid curve).  CO2 
emission reductions under the high-gas sce-
nario are initially more expensive as the 
fuel-switching and dispatch re-ordering op-
tions are less attractive.  But CCS technolo-
gies enter the generating mix earlier in the 
high-gas scenario – in this case at 50 $/tC – 
and the marginal cost of emissions reduction 
in the high-gas case becomes lower than in 
the reference case as the former has greater 
carbon emissions in the absence of a carbon 
price (Figure 5). 
 Finally, note that the model begins 
out of economic equilibrium, in a situation 
analogous to that demonstrated by the “free 
lunch” scenario of Figure 2.  Owners of 
generating capacity have an economic in-
centive to replace early-vintage, less-
efficient coal plants with new NGCC units – 
even in the absence of a price on carbon 
emissions.  Such fuel switching leads to an 
early reduction in CO2 output (emissions 
then increase with electricity demand).  The 
baseline scenario of Figure 5, which repre-
sents carbon emissions as a function of time 
when atmospheric releases are unregulated, 
illustrates this side benefit.  In our model the 
generating mix starts with higher carbon 
emissions – due to the large existing fleet of 
coal-fired plants – than it would have if it 
were in equilibrium under constant factor 
prices.  This non-equilibrium initial condi-
tion makes the cost of carbon mitigation 
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lower than it would be in a world where old 
coal-fired plants had already been replaced 
by NGCC units. 
 
CONCLUSION 
 In assessing the role of carbon cap-
ture and sequestration technologies in emis-
sions abatement for the electric sector, we 
have taken a perspective intermediate to 
macro-economic assessments and plant-
level analyses of mitigation costs.  While the 
energy system model we present does not 
include the demand-price interactions or 
economy-wide fuel substitution dynamics of 
the former approach, it does capture some of 
the key process that will likely govern the 
adoption of CCS technologies in the electric 
sector.  Relatively modest carbon taxes, for 
instance, are seen to promote both the diffu-
sion of CCS technologies into the electric 
sector and the movement to carbon-ordered 
dispatch of existing generating units.  Our 
model confirms the assumption that the exis-
tence of CCS technologies can substantially 
lower the cost of making deep reductions in 
electric sector CO2 emissions. 
 This analysis demonstrates the cen-
tral importance of natural gas prices in de-
termining the cost of mitigation in the elec-
tric sector.  At the gas prices prevailing a 
year or two ago, coal-fired generating plants 
were slowly being replaced by natural gas 
combined-cycle units.10  This trend reduces 
the CO2 emissions intensity of the generat-
ing mix at no cost.  The trend to gas, how-
ever,  makes the generating system increas-
ingly vulnerable to fluctuations in gas 
prices, and recent history has supported pre-
dictions about the volatility of gas prices 
relative to coal.  If real climate policy accel-
erates this trend, and increases demand for 
gas in the electric sector and elsewhere 
across the economy, then gas prices may 
increase further.  This presents real risk un-
der a gas-based strategy for CO2 emissions 
reduction.  If coal-based CCS technologies 

are technically and politically viable, then 
they may provide a critical element in the 
generating mix: high capital cost generating 
capacity that is insensitive to the price of gas 
or the price of carbon emissions.  
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Figure 1. Cost of electricity (COE) versus CO2 emissions. Technology specifications, capital 
and operating costs are from Herzog and Vukmirovic8; fuel prices are EIA13 estimates.  A twenty 
year lifetime, an annual capital change rate of 12%, and a load factor of 75% are used.  Generat-
ing units include pulverized coal (PC), natural gas combined-cycle (NGCC), and gasified coal 
combined-cycle (IGCC) plants.  CCS costs include carbon capture and pressurization for pipe-
line transportation, as well as a 25 $/tC sequestration expense. 
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Figure 2. Carbon emissions mitigation supply curve for two scenarios as discussed in the text: de 
novo construction of an energy system (solid line) and a non-equilibrium “free lunch” scenario 
(broken line).  Data are from Figure 1. 
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Figure 3. Carbon mitigation supply curves for the ECAR NERC region under three scenarios.  
Each point on the graph reflects the difference in aggregate carbon emissions under a given car-
bon price from the zero-price case, expressed as a fraction of the zero-price emissions.  See the 
text and Table 1 for model details. 
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Figure 4. Plant dispatch versus carbon price in period 8 (2035-2040) when CCS technologies are 
included (bottom row) and when capacity is restricted to non-CCS units (top row).  The load-
duration curve is stratified into six segments, each of which requires a fixed amount of power 
(~25 GW), but which vary in their fractional utilizations from 750 to 8760 hours per year.  The 
right-hand column shows the one-sixth of the generating mix that is dispatched 100% of the 
time; the middle and left columns illustrate the next highest levels of the discretized load-
duration curve.  Natural gas plants supply nearly all capacity to meet demand for the remaining 
(uppermost) three segments of the load-duration curve for both scenarios and are not shown. 
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Figure 5. Carbon emissions versus period for three scenarios: a baseline without a price on car-
bon emissions and period 1 natural gas at 3.15 $/GJ (solid line); the same scenario with gas 
prices starting at 4.15 $/GJ (top dashed line); and the higher gas price combined with a 100 $/tC 
tax on carbon emissions (lower dashed line).  Gas prices increase 5% per five-year period in each 
scenario.  Note that carbon emissions decline even in the absence of a carbon tax as fuel switch-
ing from coal to gas occurs for strictly economic reasons in early periods of the base scenario – 
reflecting the effects of an initial disequilibrium.  Emissions rise in subsequent periods with in-
creasing power demand. 
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Table 1 

 
 

 
Inputs and Parameters  

Technologies  Pulverized Coal (PC), Single and Combined Cycle Gas Turbine (GT and NGCC), PC + 
CCS, NGCC + CCS, Gasified-Coal Combined Cycle with CCS (IGCC + CCS), Nuclear 

Existing Vintages pre-1960, 1960s,1970s, 1980s, 1990s 

Performance and Cost 
Specifications 

Variable O&M and heat rates are vintage-dependent; capital costs for new plants are 
constant  (specifications and costs are based on published surveys8,9) 

Discount Rate 0.10; no inflation is assumed 

Domain  

Spatial Aggregation US NERC level (data are for the ECAR region) 

Demand Representation 
Load-duration curve discretized into six 16.25 GW load segments with durations of 500, 
1000, 3000, 5500, 8000, and 8760 hours/year; seasonal variation is ignored (data are 
from EIA forecasts13) 

Demand and Price 
Effects Demand, fuel prices, and rates of increase are exogenous (based on EIA forecasts13) 

Investment Horizon  40 years (2000 to 2040) 

Time Step 5 year periods 

Implementation  

Environment MATLAB 

Framework Linear optimization (assumes perfect foresight) 

Objective Minimize aggregate capital expenditure and operating costs over investment horizon 

Outputs Per-period capital investment, plant utilization, costs, and carbon emissions 

Decision Variables Per-period new capacity and utilization (1920 total) 

Constraints Utilization > Demand, Utilization < Installed Capacity, New Capacity Added < Rate of 
New Capacity Installation, Non-negativity (1904 total) 

 


