
1 
 

 

 

 

 

 �

�����������	
����

������
	�������������������
��	������������
����	�����
���	�����
��
	����� �
������
	����������	������
��
��� �
������!��	
��	�"�
�	���
��!��������
����	�"���������������

David Manowitz 
7/9/2009 
 



ii 
 

���������
List of Acronyms and Abbreviations ............................................................................................. iii�

1.� Abstract ................................................................................................................................... 1�

2.� Project Background ................................................................................................................. 1�

2.1.� Climate Change and Carbon Capture and Sequestration (CCS) ...................................... 1�

2.2.� Real Options Theory ........................................................................................................ 2�

3.� Project Objective ..................................................................................................................... 3�

4.� Data ......................................................................................................................................... 4�

4.1.� Woods, et al (for NETL) .................................................................................................. 5�

4.2.� AEO 2008 ......................................................................................................................... 5�

4.3.� EIA Lieberman-Warner Analysis..................................................................................... 6�

5.� Model ...................................................................................................................................... 6�

5.1.� Prior Research .................................................................................................................. 6�

5.2.� Model Overview ........................................................................................................... 7�

5.3.� Decision Variables ........................................................................................................... 7�

5.4.� Indicator Variables ........................................................................................................... 7�

5.5.� Inputs ................................................................................................................................ 8�

5.5.1.� Constant for all Scenarios ......................................................................................... 8�

5.5.2.� Deterministic and Scenario-Dependent .................................................................... 9�

5.6.� Equations ........................................................................................................................ 10�

5.7.� Using the Model ............................................................................................................. 12�

6.� Analysis................................................................................................................................. 16�

6.1.� Examination of Results .................................................................................................. 16�

6.2.� Comparisons with Other Studies .................................................................................... 17�

6.2.1.� Reedman, et al. ........................................................................................................ 17�

6.2.2.� Woods, et al. ........................................................................................................... 17�

7.� Conclusions ........................................................................................................................... 19�

7.1.� Policy Implications ......................................................................................................... 19�

7.2.� Future Research .............................................................................................................. 20�

Appendix A:  Using the Model ..................................................................................................... 23�

 



iii 
 

�	����
���
�������������
��	��	����

AEO Annual Energy Outlook 
BTU British thermal unit 
CCS Carbon capture and sequestration 
CO2 Carbon dioxide 
EIA United States Energy Information Administration 
EOR Enhanced oil recovery 
GHG Greenhouse gas 
IEA International Energy Agency 
IGCC Integrated gasification combined cycle 
L-W Lieberman-Warner Climate Security Act of 2007 (S.2191) 
LCOE Levelized cost of electricity 
Mg Megagram (106 grams, equivalent to 1 metric ton) 
MMBTU Million BTUs 
MW Megawatts 
NETL United States National Energy Technology Laboratory 
NGCC Natural gas combined cycle 
NPV Net present value 
O&M Operations and maintenance 
PC Pulverized coal 
SCPC Supercritical pulverized coal 
 
 

 



1 
 

��  ����
����
Though the US Congress has moved closer towards the imposition of a penalty on 

greenhouse gas emissions in 2009, the ultimate timing and level of such a penalty remain 
uncertain.  This research examines the effect of timing uncertainty on private investment in 
electricity generation that may be expected to utilize carbon capture and sequestration (CCS) 
technology upon the imposition of a penalty as described by the Lieberman-Warner Climate 
Security Act of 2007 (S.2191).  This research utilizes a real-options approach to determine which 
sequence of decisions maximizes the expected net present value (ENPV) of an investment in this 
sector when presented with such timing uncertainty.  Specifically, the decisions investigated are 
when (if at all) during a ten-year period to build an integrated gasification combined cycle 
(IGCC) coal plant, a supercritical pulverized coal (SCPC) plant, or a natural gas combined cycle 
(NGCC) plant, and whether to build a CCS system together with the plant, upon the imposition 
of the penalty (“bolt-on” CCS), or not at all.  Furthermore, this research attempts to identify a 
robust solution by examining the impact of different assumptions on the underlying optimization 
problem.  Facing only the penalty from this legislation and without any additional revenue from 
the sale of carbon dioxide (CO2), this model finds that the maximum ENPV for all types of 
plants is achieved by not utilizing CCS at all, but rather paying the penalty for the emissions.  
Whether the NGCC or the SCPC plant yields the maximum ENPV depends on the anticipated 
scenario.  However, if the plant is able to receive $15 / megagram (Mg) for each Mg of CO2 
captured, the NGCC plant with bolt-on CCS almost always yields the maximum ENPV, but if 
the plant is able to receive $30 / Mg for all captured CO2, the SCPC plant with bolt-on CCS 
yields the highest ENPV in all but one scenario.  These findings are in line with some prior 
research, but are fairly different from another analysis. 

��  �
�����������
�����

����  ����	������������������
���������
������ �!����
��	 ���"�� #�
Over the past few decades, scientists have warned about the dangers of possible climate 

change due to the anthropogenic emissions of carbon dioxide (CO2) and other greenhouse gases 
(GHGs).  As specified in the Kyoto Protocol, a number of nations including most of Western 
Europe, Australia, and Canada have committed to limiting or reducing their GHG emissions by 
2012 and beyond.  The United States signed the treaty, but the Senate failed to ratify it, and in 
2001, President Bush formally announced that the U.S. would pull out of the treaty.  Yet, support 
has recently been growing in the United States to also reduce GHG emissions, including backing 
by both Republican and Democratic presidential candidates in 2008.  Thus, it appears likely that 
the United States will be committed to reducing GHG emissions in the near future.  In order to 
limit GHG emissions, experts generally presume the use of one of two schemes: carbon taxes or 
cap-and-trade systems.  Although different researchers favor one mechanism or the other, in this 
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report the term “carbon penalty” will refer to any system which places a price on the emission of 
GHGs. 

Fossil fuel burning is the primary source of GHG emissions, and electricity generation 
from fossil fuels accounts for 33.4% of total CO2 emissions in the United States.1  Coal emits 
more CO2 per energy obtained from burning than any other fossil fuel, about 210 pounds per 
million Btu; natural gas emits roughly 55% as much.2  The United States has traditionally relied 
on coal and natural gas for much of its electricity generation.   The United States still possesses 
sizable deposits of coal and gas, and both remain relatively easy to obtain.  Additionally, the US 
Energy Information Administration (EIA) and International Energy Agency (IEA) have both 
forecasted energy demand to increase through at least 2030 (though these forecasts were 
produced before the current financial situation emerged, so they may be subject to change).3,4  
Without a carbon penalty, these agencies expect coal to account for significant amount of 
electricity generation in the future. 

As a result, some experts suggest that it would still be possible to use coal and other fossil 
fuels for electricity in a GHG-constrained environment if the resulting CO2 emissions could be 
captured and stored for significant lengths of time (hundreds to thousands of years) so as not to 
have an impact on climate over the next few centuries.  A number of small studies have been 
undertaken or proposed, and four full-scale geological carbon capture and sequestration (CCS) 
undertakings have been in operation from 1 to 9 years.5  Three of these (at the Sleipner and 
Snøhvit gas fields off the Norwegian coast and the In Salah gas field in Algeria) extract CO2 
from natural gas before the gas is put onto pipelines and inject the resulting CO2 back into the 
underlying formations.  The other project involves the Great Plains coal gasification plant in 
Beulah, North Dakota, where lignite is gasified, and the CO2 is separated from the resulting 
syngas and sent via pipeline approximately 260 miles to the Weyburn oil field in Saskatchewan 
for use in enhanced oil recovery (EOR).6  Thus, most of the main subsystems that would be used 
in a power plant with CCS have been operational for several years.  However, no power plant 
which generates electricity on the scale of a normal commercial electric power plant and also 
captures and sequesters 90% or more of the CO2 emissions has yet been built.   Thus, a number 
of questions remain about the feasibility and cost of building and operating a power plant 
utilizing CCS technology. 

����  ��$����%��	����&���
��
The decision to build a power plant can be taken to be a largely irreversible decision.  It 

requires the spending and possibly raising of a significant amount of capital.  It takes time to 
perform inspections, prepare the site, go through the permitting process, etc.  Finally, once the 
plant is built, it is required to operate for decades to be profitable, and converting a power plant 
site to another use is an expensive, if not infeasible proposition. 

Traditionally, the way to evaluate a decision such as this had been to compute the net 
present value (NPV) of the plant by computing the sum of the anticipated costs and revenues, 
discounting them to the present year.  One would make the investment if and only if the NPV 
calculation yields a positive result.  However, as Dixit and Pindyck have shown in their seminal 
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1994 work, Investment under Uncertainty, when not faced with the choice between immediate 
investment and forfeiture of the investment opportunity, computing the NPV only in the current 
period may not result in the best choice.7  This calculation may not provide the optimal result 
because the ability to defer such a choice has a value.   

Only calculating the NPV for the present ignores any possible value inherent in this 
option to wait.  Building on work in determining prices of financial options, real options theory 
recognizes that the actual optimum decision is the one that maximizes the expected NPV 
(ENPV) over the time periods in which the decision may be considered.  Mathematically, let the 
state of a firm take on the values � �  for some set of time values � .  Let the choices that the firm 
faces be � �  for the same set of time values.  Also let the state and choice(s) be known through the 
current time � , but be considered to be random variables for times � � �� � � 	� 
 � � ��
 .  If � � � � � �  
is the net outcome (such as the ENPV) at time ��  � � � � � � � � �  is the net benefit or profit at time � , 
and �  is the discount rate, then �  must satisfy the Bellman equation 

� � � � � � � ���
� �

�� � � � � � � � � �
�

� � �
� � � � ��� � � ��� � �� � � � �  ! " # 

For the purpose of real options, this equation represents the expected net present value in time � , 
given the expectation of the net present value in time � � � .  When there is an end time known, 
this equation is solved backward from time � ��
  to time � $�%&�"  The overall maximum is then 
determined from the time period and choice(s) which maximize the ENPV for any time. 

'�  �
������%�����	���
 This project seeks to examine the impact of several sources of uncertainty on the total 
cost of building and operating a new fossil-fueled electricity generating plant in the United States 
in a regulatory environment that expects a penalty for GHG emissions, but is uncertain about the 
timing of this penalty.  Specifically, this project examines the case of a hypothetical company 
planning to build and operate one of three types of power plants in the Midwestern United States, 
in the region near the Illinois / Indiana / Kentucky border area, for generating baseline electricity.  
Construction on the plant is to commence between 2010 and 2019.  There is a carbon penalty 
expected to start at some point between 2013 and 2022, with a 10 percent a priori probability of 
the penalty beginning in any of these ten years (though this prior probability is a constant 10%, 
the probability that the tax commences in year y + 1 given that it is not in place by year y is not 
constant). 
 The power plant will be either an integrated gasification combined cycle (IGCC) coal 
plant, a supercritical pulverized coal (SCPC) plant, or a natural gas combined cycle (NGCC) 
plant.  For the purpose of this study, it is assumed that CCS technology will be fully working as 
anticipated when built, and can either be built as part of the plant initially, added later, or not 
built at all.  There are three main reasons for choosing this region in the Illinois / Indiana / 
Kentucky border area.  First, it is near a sizable coal resource.  Second, and partly due to the first 
reason, it is in an area where numerous existing fossil fuel plants exist, so infrastructure such as 
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into law.12  This model incorporated only the Core scenario from the Lieberman-Warner analysis 
(hereafter referred to as the “L-W” analysis).   

(���  ��*����+�������"
�
�,-&�#�
This NETL report provides very detailed materials and cost estimates for the plants.  This 

project uses the building cost estimates and the initial and annual operations and maintenance 
(O&M) costs from the NETL analysis.  As the NETL inquiry only provides fixed fuel cost 
estimates, and this project requires that these values vary with the different scenarios from the 
AEO cases, the fuel cost estimates from the NETL study cannot be used.   

This study requires the interpretation of some of the data in a slightly different manner 
than in the NETL paper, though.  For one, the NETL report authors develop different physical 
designs of the plants and associated cost estimates depending on whether the plants use CCS 
technology or not.  The NETL analysis does not include any provision to have the plants 
convertible from a non-CCS configuration to one with CCS.  As a result, certain design 
parameters are completely different depending on whether the plant features CCS or not.  For 
example, the NETL report provides estimates for IGCC plants using technology from three 
different vendors, but for two of the cases, at least one subsystem is completely different 
between the CCS and non-CCS cases.  As a result, this project only considers the GE-based 
IGCC plant, as it appears to share the same subsystems in the two cases.  Additionally, in the 
NETL analysis, several other differences are present between the CCS and non-CCS cases, so in 
general, this study uses the exact values when operating with CCS, yet tries to determine the 
operating parameters of the plant in the non-capturing configuration in such a way so as to 
presume that the CCS capability could be added to an existing plant without CCS.  For example, 
to determine the electricity output of the plant, this report takes the gross output of the plant in 
the CCS configuration from the NETL paper in all cases, but subtracts a different amount for the 
auxiliary power consumption depending on the configuration in the model, rather than changing 
both the gross output and auxiliary power consumption when adding CCS. 

(���  ���-%��../�
 Similar modifications are also needed with the AEO data.  First, to account for some 
known specifics for this project, some data that is only provided in supplements to the AEO 
reference case need to be applied to the high price and low growth cases as well.  For example, 
all AEO cases include the average US minemouth price for coal.  However, the price for high 
sulfur coal from the Eastern Interior region (corresponding to the coal used in the NETL study) is 
only in the reference case supplement.  In such cases, the percentage difference in prices between 
the statistic only available in the supplement (e.g., the Eastern Interior high sulfur coal) and the 
statistic available in all cases (e.g., the average US minemouth price) is assumed to be the same 
for each year in the high price and low growth cases as in the reference case.   
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���1*�
��
�������	��
The EIA’s L-W analysis assumes that the emissions penalty will take effect on the AEO’s 

reference case in 2012.  No attempts are made to analyze the impact of macroeconomic growth 
or input prices that may be higher or lower than the AEO reference case.  However, as this 
project intends to examine the impact of a variably-timed penalty and different economic 
assumptions, some changes are necessary.  Most statistics in the L-W core case, such as the price 
received for generated electricity and the average US minemouth coal price, do not show much 
change from their values in the AEO reference case.  For these statistics, this project uses the 
values from the AEO cases until the year in which the penalty starts, and then it includes (or 
derives) the values from the L-W case for subsequent years.  In the L-W analysis, the U.S. 
allowance price per Mg (megagram, or 106 grams: equivalent to a metric ton, but used in this 
report to avoid confusion between metric and short tons) starts at $16.88 2006 dollars in 2012 
and increases by 7.40% thereafter.  As a result, in this report, this price is the assumed initial 
allowance price in whichever year the penalty begins, and the price thereafter grows by 7.40%.   
Finally, even though the prices of domestic and international offsets are reported in the L-W 
report, this project assumes that all CO2 emissions are subject to the domestic allowance price. 

2� 3�����

2���  ���
	�
�$����
���
The model used in this project is based largely off the model developed by Reedman, et 

al. in 2006.13  In their study, Reedman, et al., consider the ENPV of different fossil fuel power 
plant options in Australia under different carbon penalty regimes during the period from 2005 to 
2030.  They examine IGCC, SCPC, and NGCC plants without CCS, and IGCC and SCPC plants 
with CCS built with the plant or bolted on later.  They examine the ENPV of each of these plants 
in a baseline scenario with no carbon price, under one scenario where each of three known, fixed 
carbon penalties (AU$15 / Mg, AU$30 / Mg, or AU$45 / Mg) is introduced in 2014, and one 
scenario in which each of the three penalties is introduced at an unknown year between 2005 and 
2014.  They use the Commonwealth Scientific and Industrial Research Organization’s Electricity 
Market Model, modified to incorporate these carbon penalties, to generate estimates of fuel costs 
and wholesale electricity prices (similar to the data generated in the AEO).   

In the baseline scenario, they estimate that the SCPC plant has the highest (positive) 
ENPV, that the IGCC plant has a lower, but still positive ENPV, but that the NGCC plant has a 
negative ENPV.  They go on to say that SCPC without CCS continues to have the highest ENPV 
with a carbon price of AU$15 / Mg, but that IGCC with CCS generates the highest ENPV with a 
carbon price of AU$30 / Mg or higher (though they provide limited information about the 
ENPVs of other plants in these scenarios).  In the scenarios in which the timing of the carbon 
penalty is uncertain, they assess that a SCPC plant has the highest ENPV, with IGCC having the 
second highest ENPV, and NGCC having the least.  This is true for all carbon tax regimes they 



7 
 

consider.  Finally, they conclude that in the case of a carbon penalty at an uncertain time, no 
plant with a CCS system has a positive ENPV, whether bolt-on or built together with the plant. 

2���  ��3�����%��
�	�4�
As described in section 3, the ENPVs of three possible base plants with three CCS 

options each are considered in the face of a known, variable carbon penalty (from the L-W 
analysis) introduced at an uncertain time between 2013 and 2022.  The model captures the 
effects of deciding which of the three types of plant to build, when to build it, and when to build 
the CCS system.  The model presumes that there will be some knowledge of the year of the tax 
start before it actually starts (as in real life), but the year the tax commences is not known at the 
beginning of the model period.  Thus, if using bolt-on CCS, the CCS system will be built the 
year before the start of the carbon penalty.  Once the plant or CCS system is built, it is assumed 
to operate until 2030— the last year of the model.  Once operational, the plant will receive 
revenue from the sale of electricity as specified in the AEO data and will pay the carbon penalty 
for any CO2 emitted once the emissions penalty is in place.  As mentioned in section 3, there is 
also a possibility that the plant could also earn revenue from the sale of CO2 as well as 
electricity.  Thus, this model also examines the ENPVs of each of the above combinations for 
each of three possible CO2 prices: $0, $15, or $30 (in 2006 dollars) per Mg.  These prices are 
cited in the IPCC Special Report on CCS as possible prices for CO2 used for EOR.14  The model 
assumes that all CO2 that is captured is available for sale and sold at the specified price.  
Therefore, the overall structure of the model is similar to the one in Reedman, et al., except that 
only a single sequence of increasing carbon penalties is considered in this model, rather than 
three fixed ones; that the NGCC plant is considered with CCS in this model; and that the 
possibility of revenue from the sale of CO2 is also examined in this model.   

2�'�  ��)��	�	���5�
	������
The model incorporates the following binary decision variables.  In all variables in the 

section below and in subsequent sections, tech represents one of the power plant technologies 
(IGCC, SCPC, or NGCC). 

'�()*+,, ��-.��  : Does power plant of type tech undergo construction in year t?  Tech is one of 
SCPC, IGCC, or NGCC.  Based on data from the NETL report, the estimated construction time 
for any of the plants is 3 years.  Thus, this variable is 0 except for the three years during which 
the plant is being built. 

'�()*+//0 �  : Does the CCS system undergo construction in year t?  Although it is not clear from 
the data sources how realistic this estimate is, I have assumed that construction of a CCS system 
would take one year, as Reedman, et al do in their study.15  Therefore, this variable is 0 except 
for the one year when the CCS subsystem is being constructed. 

2�(�  ��0��	����
�5�
	������
The model then uses the following two indicator variables, based on the decision variables: 



8 
 

,, ��-.��  : Does power plant of type tech operate in year t?  This variable is 0 until the plant is 
built—3 years after '�()*+,, ��-.��  first turns to 1, and it is then 1 until 2030. 

//0 ��-.��  : Does CCS subsystem for plant of type tech operate in year t?  This variable is 0 until 
the CCS system is constructed, which is 1 year after '�()*+//0 �  becomes 1, and it then stays 1 
through the rest of the years. 

2�2� ��0������
The inputs to the model described below are deterministic.  However, some vary with the 

scenario.  As the data from the AEO and Woods, et al. are expressed in 2006 dollars, all costs 
below are also expressed in 2006 dollars unless specified otherwise. 

2�2���  ���������
�
����� ����
	���
The deterministic data largely come from the NETL report.  Each of these values is the same for 
all scenarios. 

1��,�� ��-.
�2�- : Net electricity output (in MW) from the power plant of type tech.  Although all 

plants in this study are nominally rated at 550MW, due to various design constraints 
and auxiliary power consumption levels, the net output levels vary somewhat. 

/3��-. : Capacity factor (availability percentage) for plant using technology tech.  80% for 
IGCC and 85% for SCPC and NGCC. 

43��-. : Emissions factor for plant of type tech—the mass of CO2 emitted per kWh of 
electrical output. 

/,3 ��-. : Capture factor for plant of type tech—the fraction of CO2 emitted that is captured 
using CCS technology.  It is assumed to be 90% for all plants considered. 

// ��-.
52%�� : Capital cost for building plant using technology tech. 

// ��-.
667 : Capital cost for building CCS for plant using technology tech. 

/� ��-. : Construction time to build plant of technology tech.  Three years for all plant types. 
/� 667 : Construction time to build CCS system.  Assumed to be one year in all cases. 

18/ ��-.
52%�� : Annual O&M costs for plant using technology tech. 

18/ ��-.
667 : Annual O&M costs for CCS subsystem of plant using technology tech. 

3(��-.
52%�� :  Initial fuel requirement for plant of type tech. 

3(��-.
667 :  Initial additional fuel requirement due to CCS subsystem for plant of type tech. 

3* ��-.
52%�� :  Daily fuel requirement for plant of type tech. 

3* ��-.
667 :  Daily additional fuel requirement due to CCS subsystem for plant of type tech. 

* &�%2: Real discount rate.  Used in determining the net present value of costs and income 
calculated in 2006 dollars. 

* �9: : Nominal discount rate:  needed to express investment costs that are reported in the 
data as 2006 dollars only for a certain year, not for the entire series.  This is only 
used to adjust the capital costs, as the NETL report provides estimates of the real 
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overnight costs (in 2006 dollars) to build the various plants in 2010.  However, to 
determine the net present value (also in 2006 dollars) of such a cost in a later year, 
the cost must first be adjusted to nominal dollars using the nominal interest rate (see 
below), and then discounted using this rate. 

/* ��-. : Rate of decline of capital costs reflecting experience with technology, etc.  
Obtained from Reedman, et al.16 

; -�$ : CO2 transportation and storage costs (before potential offsetting revenue).  
Assumed to be $10 / Mg CO2 captured (in 2006 dollars).  This value is 
approximately the average of the transportation and storage costs in Rubin, et al and 
Dahawski, et al.17,18 

2�2���  )���
�	�	��	������ ����
	�1)���������
The following data from the AEO and Lieberman-Warner analyses from the EIA were 

varied to give results for different scenarios.  However, as the EIA did not provide any estimates 
of likelihood of the various scenarios, there was no probability associated with these.  However, 
as the starting date of the carbon penalty was introduced probabilistically, some of these values 
would jump as specified in the Data Section upon introduction of the emissions penalty. 

(�9: <: Nominal interest rate:  taken from the yearly percentage change of the “Fuel and 
Power” subcategory of the Wholesale Price Index in the EIA data. 

; =��2  : Cost of fuel (coal or gas).  For coal, fuel cost is the sum of the mine-mouth cost for 

high sulfur coal from the Eastern Interior region (computed as specified in the Data 
section) and the delivery cost.  The delivery cost is assumed to be 15 percent of the 
minemouth price.  This value for transport costs makes the total cost roughly 
correspond to the EIA’s computed average coal price (in millions of BTUs or 
“MMBTUs”) for coal for electricity production by the Mid-America Interconnected 
Network from 2005-2007 (Woods, et al. used a forecast of delivery costs of 25% of 
the minemouth price).  For natural gas, a similar percentage difference is applied 
using the average wellhead price of gas in the lower 48 states and the price paid by 
electricity producers in the East North Central region. 

; �::  : Cost of the non-captured CO2 emissions.  In the model, I have presumed that all 
non-captured emissions would be subject to penalty (i.e. no allowances given out 
for free) and that emissions would be charged at the rate given by the “Allowance 
Price” category in the “Emission Prices” section of the Lieberman-Warner Core 
scenario.  In this scenario, the carbon price is predicted to start at $16.88 (2006 
dollars) in 2012, and increases at a rate of 7.4% per year through 2030.  I used the 
same sequence of values in the model for the carbon penalty, but started the 
sequence at various years from 2013 to 2022 to account for the variable timing of 
the penalty. 

>�2�-  : Price of electricity paid to electricity generators.  These data come directly from the 
AEO’s scenario reports. 
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>6? @
 : Price of captured CO2 per Mg paid for using the captured emissions for enhanced 

oil or gas recovery. 
 

2�6� ��-!���	����
The model then uses the following equations: 

(/ ��-.�A
52%��B667 � // ��-.

52%��B667 � � C /* ��-. � A  

This represents the total investment cost for the plant or CCS system.  Since CCS is not a mature 
technology, the real capital cost is scaled by a decline in costs due to learning from prior 
construction and other forms of “learning by doing.” 

�88 ��-.��
�9� � ,, ��-.�� D 1��,�� ��-.

�2�- D 43��-.  

The total CO2 emissions are the product of the output of the plant and the emissions factor, with 
the binary variable pp controlling whether the plant operates or not (and, therefore, whether it 
emits or not). 

�88 ��-.��
-%5 � //0 ��-.�� D �88 ��-.

�9� D /,3 ��-.  

The captured CO2 emissions are the product of the total emissions and the capture factor, with 
the binary variable ccs controlling whether any emissions are captured at all. 

�88 ��-.��
�-%5 � �88 ��-.��

�9� C �88 ��-.��
-%5  

The non-captured emissions are simply the difference between the total emissions and the 
captured emission. 

E4F��-.��
�2�- � ,, ��-.�� D 1��,�� ��-.

�2�- D >�2�-��  

The revenue generated from the sale of electricity is the product of the net electricity output of 
the plant and the price of electricity generation when the plant is operating. 

E4F��-.��
6? @ � �88 ��-.��

-%5 D >6? @��  

The revenue generated from the sale of CO2 is the product of the captured emissions and the 
price of CO2. 

E4F��-.��
�9� � E4F ��-.��

�2�- � E4F ��-.��
6? @  

The total revenue is the sum of the revenue from electricity and the revenue from CO2. 

For the year before the first year of operation (either for the plant or the CCS subsystem), 
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GHI;10� ��-.��
�9� � 3( ��-.

52%��B667 D ; =��2�� " 

That is, the variable cost is the product of the initial fuel and the cost of the fuel. 

For all other years, 

 

GHI;10� ��-.��
�9� � ,, ��-.�� J18/ ��-.

52%�� � *,K D ; =��2�� D 3* ��-.
52%�� L

� //0 � J18/ ��-.
667 � *,K D ; =��2�� D 3* ��-.

667 L � ; �::�� D �88 ��-.��
�-%5  

In all other years, the variable cost is the sum of three factors.  The first factor is the 
variable cost of the base plant (when the plant is operating), which is the sum of the yearly 
operations and maintenance costs and the yearly fuel costs.  The second factor is the cost of the 
CCS subsystem (when this system is operating), which is the sum of the additional yearly 
operations and maintenance costs and the additional yearly fuel costs.  The last factor is the cost 
of non-captured emissions.  In the above equation, dpy is days per year (366 for leap years and 
365 for all other years). 

The core of the model is the determination of the ENPV of the system, computed as 

�M>G��-. � N� � , A D M>G��-. � N� � � � C , A � �M>G��-. � N � � � � 

where 

M>G��-. � N� � O P
E4F��-.��

�9� C GHI+;10���-.��
�9�

� � � * &�%2� � �QRS�S �

RSTS

�URS�S�A�-� �VWX

Y C
(/ ��-.�A

� � � * �9: � A  

and 

, A �
�

	Z	[ C � 	Z�	 � N �
" 

The ENPV is then evaluated for all N in the interval � ���Z  , and the maximum ENPV of these 
ten values is considered to be the overall value of the system. 

In the equations above, , A  represents the probability that the carbon penalty will begin in 
year N (relative to 2012), given that the penalty is still not in effect as of year � N C � � .  As can 
be seen from the equations above, , A  takes on the values \

\]
� \

^
� \

_
� ` � \

@
� �"   Thus, even though the 

prior probability of the penalty starting in any given year is a constant 10%, as time progresses, 
the conditional probability of the penalty starting in the next year, given that it has not 
commenced yet, increases throughout the interval.  In their above-mentioned study, Reedman, et 
al., do not appear to properly account for this conditional probability, but rather use the a priori 
probability in their calculations. 
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2�7� ��8�	�������3�����
For a given set of inputs, a “perfect information” matrix is created, as shown in Table 1.  

This matrix represents the set of NPVs of the plant presuming that construction begins in the 
year specified in the row, and that the carbon penalty is known to begin in the year specified in 
the column.  There are three items to note about such a matrix.  First, if the timing of the carbon 
penalty is known, then the maximum NPV is noted in the “Best NPV” line, and the year to begin 
construction can be read from the “Best Year” line.  Second, for some reason, there is always a 
local maximum (as noted by the blue cells), when beginning the construction of the plant in the 
year that the penalty commences.  This is not always the global maximum given that the carbon 
penalty is known to start in a certain year, and it is not clear why it always occurs, but it does for 
all cases.  Finally, the blue cells and those below them represent the ENPV of a plant built with a 
known carbon penalty, since the penalty will have begun the year of the plant begins 
construction or before. 

Using this perfect information matrix, the ENPV of a plant that begins construction in 
year 	Z�Z � N  is computed starting from 2022 and working back until the year the plant would 
finish construction.  Once the full set of ENPVs are calculated, the maximum ENPV and year in 
which this value is reached is computed, assuming that the decision on when to build the plant 
must be made before any information is known about the carbon penalty.  Such a table is 
illustrated in Table 2.  This computation is repeated for all three types of plants for both CCS 
options for three levels of possible revenue from the sale of CO2, along with a comparison of 
each of the plant types without any CCS (which would simply pay the penalty for all of its 
emissions).  All of these estimates are repeated using a real discount rate of 5.5% for the 
reference, low growth, and high price scenarios from the AEO, and using 1% and 10% real 

����������	�
��
��
����� �������
������
�	��������� ����� �����������

���� ���� ���� ���� ���� ���	 ���
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Table 1: Example of perfect information matrix (values in millions of 2006 dollars) 
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discount rates with the AEO reference case.  In the end, 15 different cases—3 revenue levels and 
5 variations on the AEO pre-carbon-penalty case or discount rate—have been evaluated (or up to 
35 sub-cases if the no-CCS, bolt-on CCS, and CCS built together with the plant cases are 
considered separately).  The maximum ENPV estimates and the years in which the given plant 
type should be built to achieve this maximum ENPV are recorded in Tables 3-7 below.  The 
configuration that yields the maximum ENPV across all pairs of (plant, CCS) types is 
highlighted in yellow for each case. 

  

���� ���� ���� ���� ���� ���	 ���
 ���� ���� ����
���� ��&$��%" ��$%�&'" �%��' �!'��( � ��#& �'%� ' �&$�� �(���' �#'�& �%���#� ��&$��%"
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���� ��('�!%" ���!��&" ��$��� " �����%" �% �(( �$��$& � %�# �� $�#& �'��'� �& �(� ��('�!%"
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Table 2: Example of ENPV calculation matrix (values in millions of 2006 dollars) 
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Table 3: Results using AEO reference case with real discount rate of 5.5% 
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Table 4: Results using AEO low growth case with real discount rate of 5.5% 
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Table 5: Results using AEO high price case with real discount rate of 5.5% 
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Table 7: Results using AEO reference case with real discount rate of 10.0% 
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 As shown in Tables 3-7, several trends emerge from the model.  First, the ENPVs for 
many of the configurations turn out to be negative.  That is, a company will be better off not 
making such an investment unless it receives a subsidy at least as large as the absolute value of 
the (negative) ENPV.  However, only in 2 of the 15 cases (though in 13 out of 35 sub-cases) 
does no plant have a positive ENPV, and in one of those two cases the maximum ENPV is a loss 
of less than $9 million.  In all cases in the absence of revenue from the CO2, higher ENPVs result 
from simply paying the emissions penalty, rather than capturing the CO2.  Additionally, in all 
cases, waiting and building a bolt-on CCS system yields a ENPV that is higher than or 
equivalent to the ENPV of constructing the CCS at the same time as the rest of the plant.  Lastly, 
in 8 of the 15 cases, the best year to begin construction of the plant is near the end of the 10-year 
period, in either 2017 or 2019.  In the cases where this does not hold true, the model holds that 
construction should begin immediately in 2010 (except for one sub-case). 
 The results are also noteworthy when looking at the plant technologies.  In 8 out of the 15 
cases (and in 27 out of 35 sub-cases), the NGCC plant results in the highest ENPV.  In the 
remaining 7 cases, of which all but one are in the 1 percent discount rate cases or the $30 / Mg 
revenue for CO2 cases, the SCPC plant results in the highest ENPVs.  Thus, the IGCC plant 
never results in the largest ENPV.  Furthermore, since coal emits roughly twice the CO2 as 
natural gas when burned, one might think that the coal plants would result in greater ENPVs than 
the NGCC plant in the cases where the plants receive revenue for their CO2.  On the other hand, 
in the 5.5 percent discount rate cases, the coal plants result in lower ENPVs than the natural gas 
plant except when receiving $30 (or, more accurately, some amount between $15 and $30) per 
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Mg of CO2.  On the other hand, in the 1 percent discount rate case, the SCPC plant always results 
in the largest ENPV, and the NGCC plant always yields the highest ENPV in the 10 percent 
discount rate case.  Finally, when the SCPC plant results in the highest ENPV, the model says 
that it should be built in 2010, whereas the model indicates that when the NGCC plant is the best 
option, it should be built in 2017 or 2019. 

6���  �������
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 In performing research for this project, two studies appeared to be somewhat comparable 
to this one.  However, these studies reached some different conclusions than this one.  
Consequently, this project and these other reports are compared below in an attempt to 
understand why they differ. 

6�����  $������+��������
 As mentioned in Section 5.1, the study by Reedman, et al. on the potential adoption of 
different CCS technologies in Australia formed the basis for this project.  Reedman, et al. 
examined the ENPVs of IGCC and SCPC power plants with options to build the plants with CCS 
or to use bolt-on capabilities, and also looked at an NGCC power plant (though without any CCS 
option on this).  However, they did not consider the possibility of receiving revenue from the 
captured CO2.  As in this study, the authors of that study determined that the ENPV of all coal 
plants with CCS (but no CO2 revenue) was always negative, regardless of whether the CCS 
subsystem was bolt-on or not.  Additionally, they did not consider the case of an NGCC plant 
with CCS—only NGCC without CCS, and they stated that this option performed worse than 
either of the coal plants without CCS.   

One noticeably different factor between the two studies was that the Reedman study used 
cost estimates for an NGCC plant which were much higher than the ones used in this study.  In 
the Reedman study, the capital cost of an NGCC plant was estimated to cost about 70% of the 
cost of an SCPC plant, and the annual operations and maintenance costs of an NGCC plant were 
given as the same as for an SCPC plant, with both of these being 80% of the costs of the IGCC 
plant.  On the other hand, the NETL report used for this report estimated the capital cost of the 
NGCC plant (both with and without CCS) to be about 35% of the cost of the corresponding 
SCPC plant.  Additionally, the NETL report projected the O&M costs of the NGCC plant to be 
less than 35% of the costs for either of the coal plants.  It is unclear whether these differences are 
due to differences in the relative costs of labor and materials between the United States and 
Australia or due to more recent data from NETL or other reasons.  However, this difference was 
likely an important factor in concluding that the NGCC plant never yielded the largest ENPV. 

6�����  *����+��������
This report from NETL examines the levelized cost of electricity (LCOE) from a number 

of possible plants, with costs levelized over a 20 year period, using a 10 percent real discount 
rate.19  This methodology is commonly used in the electric power industry.  The authors of the 
report examine three types of IGCC plant, both subcritical and supercritical pulverized coal (PC) 
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plants, and an NGCC plant, all with and without CCS.  In all cases, the plants are to begin 
operation in 2010, but in no case can CCS be added to a plant.  That is, the plants either operate 
without CCS, or the CCS is built with the plant and operates with it from 2010 onwards.  
Additionally, this study does not directly consider the possibility of changing fuel real prices 
during the lifetime of the plant, but instead calculates the estimated first-year costs of fuel from 
the 2007 AEO and uses these prices throughout the operating life of the plants.  In the study, they 
use $1.80 / MMBTU for the estimated baseline cost of coal and $6.75 / MMBTU for the baseline 
cost of natural gas. 

Based on their assumptions and baseline fuel costs, the authors of this report conclude 
that in the non-carbon capture cases, the PC plants result in the minimum LCOE (about 64 mills 
[1/1000th of a dollar] per kWh), with the NGCC a few mills higher, and the IGCC plants higher 
still.  In the CCS cases, the NGCC plant results in the lowest LCOE, followed by the IGCC 
plants, and then the PC plants.  Although, as mentioned above, the authors do not use variable 
fuel costs in their estimates, they do perform sensitivity analyses of the LCOE with respect to the 
fuel costs in both the CCS and non-CCS cases. 

 In Figure 2, the LCOE of the NGCC plant is seen to be a linear function of the natural gas 
price.  On top of this line, several points are superimposed, showing the LCOE of the PC and 
IGCC plants for different prices of coal.  As seen in the graph, when gas costs $6.75 / MMBTU, 
an NGCC plant generates electricity for more than a PC plant when coal costs $1.80 / MMBTU, 
but less than a PC plant when coal costs $2.25 / MMBTU, and less than an IGCC plant for any 
investigated price of coal.  Similarly, as seen in Figure 3, the LCOE from the NGCC plant with 
CCS is predicted to be less than the LCOE from any of the coal plants with CCS so long as the 

 

Figure 2: LCOE Sensitivity to Fuel Costs in Non-Capture Cases20 
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price of natural gas remains below $7.00 / MMBTU and the price of coal is no less than $1.35 / 
MMBTU. 
 According to the estimates for this study (which use 15% of the minemouth price as the 
delivery cost for coal, as opposed to 25%, as used by the NETL report), the price of coal never 
falls below $1.50 / MMBTU in any of the AEO scenarios, including the Lieberman-Warner one.  
Additionally, with estimates based on the 2008 AEO, in the reference and low price cases, 
natural gas generally stays below $6.00 / MMBTU, while it stays below $6.50 / MMBTU 
through 2026 in the high price case, and it remains below $7.00 / MMBTU through 2025 in the 
Lieberman-Warner case. 

7� �������	����
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There appear to be two main implications of the findings of this study.  First, if the 

estimates in this study are reasonably correct and a carbon penalty of the scale examined in this 
report is truly expected by 2022, then electricity producers in the US are likely to forego building 
any plants with carbon capture and sequestration (CCS) unless they expect to receive revenue 
from the sale of their CO2.  That is, with uncertain timing and the level of carbon penalty 
investigated in this study, the carbon penalty itself will not be enough to justify building a new 
fossil fuel power plant with CCS unless it were subsidized.  Furthermore, though the focus of 
this study was on the impact of  timing uncertainty on the plant profitability, generally speaking, 
when the perfect information matrices are examined, the earlier the carbon penalty begins, the 

 

Figure 3: LCOE Sensitivity to Fuel Costs in CO2 Capture Cases20 
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lower the net present value (NPV) of the plants (which, in almost all cases, means a larger net 
loss).   

Second, from expected net present value (ENPV) considerations alone, natural gas 
combined cycle (NGCC) appears to be the most likely type of new plant to be built, with 
supercritical pulverized coal (SCPC) the second most likely.  Though the straightforward 
examination of the model indicates that SCPC plants yield the maximum ENPV in just less than 
one half of the cases, there may actually be reasons why this may not happen in all these cases.  
In particular, in the 1 percent discount rate case, the SCPC plants always show the greatest 
ENPV for any of the CO2 revenue amounts.  However, the implication of a 1 percent discount 
rate over the study period is that other investment options yield very poor returns, which is likely 
due to continued economic distress.  Demand for electricity would probably be dampened during 
a period of prolonged economic problems.  Evidence for this exists already: as the US economy 
has worsened from 2007 to 2009, electricity use has been declining.21  As demand decreases, 
there is less need for new plants of any sort, but as coal power plants are roughly 2.5 to three 
times as expensive as NGCC plants, they may be harder for utilities to raise funds to build.  
These findings are in line with those of other studies, such as “The Future of Coal” report from 
MIT, which states that coal plants with CCS are not expected to be cost effective without a 
carbon penalty of approximately $30 / Mg.22 

7���  ��<���
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 There are a number of ways in which this research can be extended.  One can extend this 
research fairly easily by performing additional sensitivity analyses on the model.  Although this 
report includes such analyses on the different input prices from the annual energy outlook (AEO) 
scenarios, the potential revenues from the sale CO2, and the real discount rates, there remain a 
number of additional factors that may also be varied to determine the relative output of the 
results.  These include the cost of the emissions penalty (or allowing the plants to purchase 
offsets, rather than pay the domestic penalty price) and the costs (capital, operations & 
maintenance, etc.) of the various plants.  One could also use variables rather than constants for 
certain factors such as the real discount rate.  As this study was prepared largely before the 
American Clean Energy and Security Act of 2009 had been prepared, an analysis of the impact 
of this bill can be another sensitivity analysis. 
 Additionally, due to time constraints, this model does not contain a detailed analysis of 
the cost of transportation and storage of the captured CO2 emissions, so this study uses a fixed 
rate of $10/Mg of CO2 captured.  A document from the US Environmental Protection Agency 
(EPA), produced in June 2008, lays out a detailed set of per-unit cost estimates for the full range 
of products and services needed in order to properly capture and store CO2 emissions.23  Another 
follow-on to this study would be an attempt to fully estimate the costs associated with 
transmission and storage of the captured emissions using this data.  Additional sensitivity 
analyses can also be performed on this extension. 
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 Lastly, investigating a longer time period would also likely improve the results of this 
study.  The economic lifespan of a power plant is usually taken to be at least 25 to 30 years.  
However, the AEO data sets only provide estimates of input values through 2030.  As this study 
assumes that the plants will be built between 2010 and 2019, there is only 10 to 20 years of AEO 
data on which to base the model.  The power plants will probably be producing electricity at a 
profit for those additional years, so further modeling of the additional time may enable more of 
the combinations in this study to result in positive ENPVs or to change the relative performance 
of the different options.    
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 The model was created using Microsoft Excel.  With data from the AEO on one sheet and 
the plant costs and parameters on another, I created a sheet (shown in Figure 4 below) which 
would compute the NPV of a plant given selections referring to the other two sheets and a few 
pieces of data that were also needed.  The data in the top left, along with the rows in the Decision 
section and the “Emissions Limit” row in the Macroeconomic Indicators section (which should 
have been moved up to the Decision section, but I forgot) controlled the rest of the table.  By 
changing any of these rows or one of the cells in the top left, a new NPV would be calculated in 
the bottom right (cell W56). 
 Having set up this sheet to perform most of the calculations automatically, I then wrote 
Visual Basic code to change the starting year of the carbon penalty backwards from 2022 to 
2013, while saving the calculated NPV each time.  The code would also move the starting year 
of the plant construction from 2010 to 2019, redoing the calculation.  This would create a 
“perfect information matrix,” as shown in Table 1.  From this matrix, I calculated the ENPV of a 
plant whose construction started in each year from 2010 to 2019 and then found the amount and 
year that produced the maximum ENPV for each case I considered, leading to the values shown 
in Tables 2-4. 
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Figure 4: Model calculation spreadsheet.  NPV is in lower right corner. 


