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A B S T R A C T   

In line with the global pursuit of achieving net-zero carbon emissions, integrating carbon capture and storage 
(CCS) and renewable energy (RE) technologies is important in power production. This study evaluates the 
profitability of CCS and RE technologies as alternative ways of achieving climate change goals. While past 
research focused on costs, technological advancements, and capture methods, there is a need for more studies on 
assessing the financial feasibility of these climate change solutions under uncertain conditions, alongside specific 
performance goals and strategies to entice power producers. Using a comprehensive framework featuring 
deterministic and stochastic modeling approaches, this research explores the impact of policy and market in
centives on CCS and RE investments within the U.S. power sector. It analyzes the interactions of variables such as 
market uncertainties, technical factors, and policy dynamics on the financial viability of adopting CCS and RE for 
targeted CO2 reductions. The results reveal that, given the status quo of policies, RE and CCS exhibit annualized 
net present values of $4.62 and $1.76, respectively, for each metric ton (MT) of CO2. Uncertainties in policy 
incentives emerge as a primary hindrance to achieving cost-effective carbon reduction mandates using CCS, 
while changes in the green electricity price premium cause high variability in RE returns. The study proposes a 
hypothetical market, featuring the sale of CCS-linked net-zero electricity at a distinctive premium price of $0.03/ 
kWh. The study’s findings underscore the importance of both policy and market incentives to enable power 
producers to deploy carbon management technologies at a large scale.   

1. Introduction 

With the global goal of meeting net-zero carbon emissions and 
achieving carbon neutrality, no single technology or reduction strategy 
will be sufficient to address the overall emission reduction challenge 
(Pechman et al., 2022). All climate mitigation technologies must be a 
part of the solution. Due to the increased call for electrification in the 
transportation sector, as well as increasing residential and industrial 
energy needs (McCollum et al., 2014; Cho and Strezov, 2020), the 
electric power sector accounts for close to one-third of the total 
energy-related CO2 emissions (United States Energy Information 
Agency, 2022a, United States Energy Information Agency, 2022b). As a 
result, deep decarbonization of the electric power sector plays a key role 
in meeting net-zero emissions goals (Sepulveda et al., 2018; Sanchez and 
Kammen, 2016; Krey et al., 2014). One way to achieve decarbonization 
of electricity is by generating cleaner or greener electricity from 
renewable energy (RE) sources (Patrizio et al., 2018). However, even 

with a transition to renewable energy sources, the global energy supply 
is expected to increase by 30% from 2020 to 2050 with supply from oil 
and natural gas leading the energy market (IEA, 2021). 

Larson et al. (2021) and Pechman et al. (2022), among other studies, 
argued that carbon capture and storage (CCS) technologies are crucial 
for the United States (US) to meet its net-zero emissions target or na
tionally determined contribution by 2030 (UNFCCC, 2021). Other 
studies also examined the role of CCS in decarbonizing power plants 
(Singh et al., 2022; Sepulveda et al., 2018). Wide-scale deployment of 
CCS (Koelbl et al., 2014; Muratori et al., 2017) requires a healthy 
financial net return and economic profitability in addition to issues 
related to technical feasibility and the availability of supporting infra
structure. Supply-side factors, such as lower capital and operating costs, 
and policy incentives, determine the degree to which carbon capture and 
clean production technologies are economically feasible pathways to 
meeting carbon reduction goals (Pechman et al., 2022). For instance, 
Singh et al. (2022) examined the cost implications of retrofitting existing 
fossil plants with a CCS capability and found that even if CCS enables the 
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decarbonization of the electricity system, there is no guarantee for its 
economic feasibility in the long term. Thus, the authors recommended 
additional incentives and a further reduction in the cost of capturing 
CO2. 

Despite the existence of an increasing number of pilot and demon
stration projects for CCS applications in the power sector, commercial 
adoption that supports a financial return remains very few worldwide 
(GCCSI, 2021). Hence, there is little historical market data on the actual 
cost of operating a CCS retrofit. Moreover, there are several un
certainties concerning future costs and output performance of power 
plants with CCS (Di Lorenzo et al., 2012). As a result, in the past, the 
literature focused on estimating and predicting the extent and vari
ability of CCS construction and operating costs under different scenarios 
(Fan et al., 2020a,b). This study contributes to the literature by focusing 
on the monetization of CCS investments via market and policy-induced 
incentives. Despite a growing number of studies arguing for leveraging 
policy incentives for CCS (Waxman et al., 2021) and renewable energy 
investments (Boomsma et al., 2012; Sendstad and Chronopoulos, 2020), 
there were no discovered studies that conceptualized and operational
ized a market-based approach for incentivizing CCS in the electric power 
industry. The study fills this gap by presenting a first estimate of the 
minimum dollar per kilowatt hour (kWh) price premium required to sell 
electricity generated by power plants with a CCS retrofit, in the presence 
of an uncertain market, technical, and policy environment. The study 
also evaluates the cost-effectiveness and economic implications of other 
approaches, such as performance mandates, technology mandates, sta
tus quo versus additional policy incentives, and additional market in
centives, for achieving carbon reduction goals in the power sector. 

This study extends the frontier of climate technology economics in 
the electricity sector by studying the impact of uncertainties associated 
with market, technical, and policy variables on the financial net return 
of power generators. The stochastic approach was justified for at least 
three reasons. First, carbon capture is a relatively newer and developing 
technology with a higher probability of quickly improving production 
and efficiency parameters. Renewable energies (RE) are known for their 
variable and less predictable performance outcomes. Second, the long- 
term continuation of policy and financial support for climate-friendly 
technologies, such as CCS is not 100% certain and is likely to change 
with shifting policy focus (e.g., the U.S. pulled out of the emission 
reduction talks between 2016 and 2020 and later rejoined). Third, as 
established in the literature the construction and operation costs of CCS 
are extremely variable and sensitive to the specific capture technology, 
location, and other contextual factors (Waxman et al., 2021). 

Section 2 presents the conceptual framework and quantitative 

approach used to evaluate the effect of uncertainties in the technical, 
policy, and market variables on the economic performance for investing 
in CCS and/or RE technologies to meet a given carbon reduction goal. 
Section 3 presents the results and discussion. Section 4 presents the 
conclusions and recommendations for policies and strategies that may 
improve the adoption of climate technologies. 

2. Conceptual framework and methodology 

There is a growing number of recent studies that estimate the cost of 
CCS technologies. Several studies compared the cost of power plants 
with and without CCS (Rubin et al., 2005; Rubin and Zhai, 2012; Singh 
et al., 2022). For instance, Rubin and Zhai (2012) studied the levelized 
cost of electricity (LCOE) for a natural gas combined cycled power plant 
with and without CCS and the impact of carbon pricing in adopting CCS. 
The authors concluded that the LCOE of plants with CCS increased with 
uncertainties, while emission tax or carbon pricing encouraged CCS 
adoption among new power plants. Other studies such as Lohwasser and 
Madlener (2012) and Fan et al. (2020a,b) concentrated on the high in
vestment costs in RE and CCS technologies. Rao and Kumar (2014) 
studied the implications of adding CCS to existing coal plants in India 
and concluded that the cost of electricity generation increased with CCS. 

In the context of China, Zhang et al. (2014) developed a model for 
comparing the costs of a power plant without CCS retrofit with the 
pre-investment cost of a CCS retrofit of a second power plant. The effects 
of carbon pricing and the use of captured carbon for oil recovery were 
examined to obtain the optimal timing to invest in CCS. Zhang et al. 
(2014) concluded that the two power plants under study were both not 
optimal for investment in the current market situation and that the in
crease in carbon pricing in China will encourage the immediate execu
tion of CCS retrofits. Similarly, studies that argue for carbon pricing to 
encourage CCS adoption include Mo et al. (2018), Zhang et al. (2014), 
Zhu and Fan (2013), and Rohlfs and Madlener (2011). Singh et al. 
(2017) projected the cost of CCS for the next three decades for upcoming 
coal plants and the implications of carbon pricing on the economic 
adoption of CCS. 

Hamilton et al. (2009) studied the effects of climate policies on the 
deployment of CCS technologies and concluded that the US carbon 
cap-and-trade bill would not be enough to deploy CCS technology. 
Hamilton et al. (2009) argued for the need for a supporting framework 
including CCS research, development, and demonstration to encourage 
CCS deployment. In the context of China, Mo et al. (2015) examined the 
implications of an emission trading system on CCS investments and the 
abatement of CO2 and considered the role of CCS flexibility (e.g., 

Nomenclature 

CST The average cost of onshore CO2 transportation and 
storage ($/MT) 

Ow Annual O&M costs of wind ($/KW) 
Os Annual O&M cost of solar ($/KW) 
Cs Capital cost of solar ($/KW) 
Ccap Capital cost for CCS (million$/metric tons/hr) 
g Green premium (cent/kWh) 
VC Variable operating cost for CCS ($/MWh) 
Cw Capital cost of onshore wind ($/kW) 
CRS Congressional Research Service 
P Production tax credit (PTC) rate for wind (cent/kWh) 
I Solar Investment tax credit (ITC) rate (% of expenditure) 
kWh Kilowatt-hour 
Mwr MARCS rate for wind (%) 
CFNG Natural gas capacity factor (%) 
EPA Environmental Protection Agency 

UNFCCC United Nations Framework Convention on Climate Change 
SCF Solar capacity factor (%) 
MACRS Modified Accelerated Cost Recovery System 
CO2 Carbon dioxide 
MWh Megawatt hour 
CCS Carbon capture and storage 
NPV Net present value 
r Discount rate 
Q Section 45Q tax credit for CCS ($/metric ton of CO2) 
RE Renewable Energy 
EIA Energy Information Agency 
T The lifespan of the project 
U.S United States 
CFc Coal capacity factor (%) 
WCF Wind capacity factor (%) 
MT Metric tons 
IEA International Energy Agency 
DOE Department of Energy  
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running the plant off CCS when the carbon price is low) for new power 
plants. Mo et al. (2015) apply Monte Carlo simulations to account for 
carbon price variability and show that CCS operating flexibility lowers 
the need to have high-carbon prices to stimulate investment in CCS. 

This study builds upon existing works that estimated CCS costs and 
argued for incentive-based policies (e.g., cap and trade) and further 
expands the literature by providing a framework that shows the eco
nomic benefits of using either RE or CCS to produce green energy in an 
uncertain environment. Secondly, this study does not only compare the 
costs associated with RE and CCS technologies like previous research 
works have done but also evaluates the uncertainties with existing in
centives and policies for green energy production. This study examines 
the effects of placing technological mandates on the choice of clean 
energy and carbon abatement technologies. Finally, a recommendation 
on how policymakers could encourage power producers to invest in 
multiple carbon management strategies is provided. 

2.1. Alternative approaches for decarbonization 

There are two policy approaches for curbing emissions and protect
ing the environment and these are (i) command-and-control approaches; 
and (ii) incentive-based mechanisms (Stavins and Whitehead, 1992; 
Janet Peace Jason Ye, 2020). The command-and-control approach either 
sets a goal for curbing emissions and allows businesses to choose the 
technology for compliance or sets a technology mandate without spec
ifying a reduction goal (Stavins and Whitehead, 1992; Aldy and Stavins, 
2012). In an incentive-based regime, businesses are incentivized (rather 
than forced) to achieve an end goal via the use of subsidies, tax credits, 
carbon pricing, or an emission tax (Janet Peace Jason Ye, 2020). For 
instance, economic incentives could encourage the adoption of cleaner 
energy by lowering costs. 

This study considered a performance mandate, which reduces carbon 
dioxide emissions by a given percentage for all power generators. The 
study considers two scenarios or strategies to meet this performance 
target and these scenarios correspond to the technology used to reduce 
emissions. Scenario 1 used a CCS retrofit, and Scenario 2 retired fossil- 
based plants and replaced them with renewable energy technologies. 
These scenarios could be interpreted as a technology choice (chosen by 
the power plant) or a technology mandate (prescribed by a regulator). 
For instance, 30 US states and the District of Columbia have clean energy 
standards (United States State Electricity Portfolio StandardsEPS, 2022) 
where electric power producers are required to generate a percentage of 
electricity from clean energy sources. For example, New Mexico has a 

renewable portfolio standard according to which the state must produce 
80% carbon-free electricity from renewable sources by 2040 and 100% 
from zero-carbon resources (National conference of state legislation, 
2021). In 2021, Texas achieved its 2025 renewable portfolio standard 
set to produce about 10,000 MW (MW) of wind energy (National con
ference of state legislation, 2021). Wyoming has a low-carbon standard 
bill (State of Wyoming, 2022) with no specific percentage of CO2 
reduction target and timeline. However, Wyoming officials anticipate 
that CCS could reduce 80% of CO2 emissions from coal power plants 
(Bleizeffer, 2022). 

Power generators are faced with uncertain market, technical, and 
policy environments so this study calculated the probability that each 
scenario would be economically feasible and then identified the major 
source of risk that leads to the variability of economic performances. 
Based on the expected economic net returns, the study develops an 
initial electricity price premium under the assumption that power gen
erators with a CCS could differentiate their products as net-zero elec
tricity. Finally, this study made policy recommendations regarding the 
cost-effectiveness of the different decarbonization approaches (i.e., 
through policy incentives, mandates, and/or markets). See Fig. 1 for the 
conceptual framework of this study. 

2.2. Overview of model and assumptions 

While the objective of power generators is typically profit maximi
zation or cost minimization, a performance mandate would create a 
constraint to this objective. Given a performance mandate, firms (i.e., 
power generators) generally choose the investment option that complies 
with the mandate and generates monetary returns or minimizes net cost. 
For the performance mandate, the study uses the current US nationally 
determined contribution (NDC) goal which is a 52% emissions reduction 
of the 2005 emissions levels by 2030 (UNFCCC, 2021). The amount of 
annual CO2 reduction that corresponds to a 52% reduction of the 2005 
emission levels of an average power generating plant was calculated. 
This was the amount of carbon captured in Scenario 1 via the CCS 
retrofit. Based on this, the amount of renewable generation required to 
replace the fossil fuel capacity was estimated for Scenario 2. Wind and 
solar energies are the selected RE technologies since they are the two 
fastest-growing renewable sources for electricity generation (Kangas 
et al., 2021). It was assumed that in Scenario 2, the power generator 
retired coal and natural gas plants based on the ratios taken from its 
current energy portfolio. 

This study used deterministic and stochastic modeling concepts to 

Fig. 1. The conceptual framework for identifying and evaluating policy and market incentives for decarbonizing power using alternative climate technologies.  
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address the outlined problems. The stochastic modeling, using Monte 
Carlo simulation, addressed the uncertainties and risks associated with 
changing markets, technical, and policy variables. The Monte Carlo 
technique evaluates how individual inputs, sampled from probability 
distributions in several iterations, affect the economic performance of 
each scenario (Di Lorenzo et al., 2012). The main performance metric for 
both deterministic and stochastic models was the net present value 
(NPV) over a 30-year period, an assumed business tax rate of 21%, and a 
5% discount rate. To allow for comparison across scenarios, this study 
calculated the annualized NPV per metric ton (MT) of carbon dioxide 
prescribed by the performance mandate. 

Table 1 contains a summary of input variables, which comprises of 
supply-side market variables and costs. The study considered the current 
market price premium for green electricity as a source of revenue for 
power generators with renewable technologies. Policy incentives were 
the types of tax credits available for climate mitigation technologies and 
the technical variables were production and capacity parameters. 

In each model (deterministic and stochastic), when the NPV of a 
climate technology was negative the study estimated the dollar per kWh 
needed to break even. This was under the assumption that electricity 
consumers could differentiate the portion of net zero electricity as a 
different product (i.e., electricity generated by a plant with CCS retrofit) 
and hence the product, hypothetically sold in a new market, could 
command a different price relative to the regular price of electricity. For 
CCS investments, this value is a first estimate of the price premium that 
power plants with CCS might need to earn for each unit of electricity 
with zero carbon emission. This concept was operationalized by calcu
lating the CCS-attributed price premium and comparing it to the current 
green electricity price premium. Conceptually, one could consider the 
two products as differentiated from regular electricity retail products, 
green electricity with zero emissions (or clean), and CCS-attributed 
electricity with net-zero emissions. As of 2022, there is a market and a 
price premium for green electricity, but no such market exists for elec
tricity with net-zero emissions achieved via CCS. 

The three types of variables (market, technical, and policy variables 
as in Table 1) contributed to the projected cash flows for 30 years for 
each scenario. Appendix A presents the mathematical modeling and 
equations used to arrive at the annualized NPV per MT. 

2.3. Overview of Monte Carlo simulations 

This study applied Monte Carlo simulation to understand the risks 
associated with changing market, policy, and technical parameters (Di 
Lorenzo et al., 2012). The basic steps involved in this simulation were 
assigning probability distributions for all uncertain variables, drawing 
random samples from the distribution of each parameter, and per
forming iterations to produce the number of net benefit realizations 
(Boardman et al., 2017). 

Table 2 shows the distributions used for the various variables. The 
baseline or initial values and the range of values were taken from a 
typical power generator in the US. The power producer served an annual 

load of 0.547 million MWh where 51% of power was produced from 
fossil fuels (17% from coal, and 34% from natural gas), 36% was pro
duced using renewable energy sources such as wind, solar, and biomass, 
and 13% was produced from nuclear. The power producer’s initial 
portfolio of renewable energy production was dominated by wind (87%) 
and solar (12%) (United States Energy Information AgencyEIA, 2021a, 
United States Energy Information AgencyEIA, 2021b, United States 
Energy Information AgencyEIA, 2021c). 

The annual carbon reduction mandate for the power producer is 
assumed to be 77,169 MT which is consistent with a 52% carbon 
reduction goal or target (Yuan et al., 2022). This translates to a fossil fuel 
reduction amounting to 125,265 MWh per year and replacing it with 
renewable sources. Appendix B (Tables B1 and B2) contains additional 
initial values and assumptions used to characterize the typical power 
generator. 

In general, three distributions (asymmetric triangular, bounded- 
normal, and uniform) were used for the risk analysis. These distribu
tions were used in the literature to evaluate climate mitigation tech
nologies (e.g., Di Lorenzo et al. (2012) proposed the triangular 
probability distribution for capital cost and normal distribution for 
prices associated with carbon tax; Li et al. (2018) used the normal dis
tribution for wind power simulation). 

The asymmetric triangular distribution was applied to the capital 
and annual costs of wind and solar energy. The bounded-normal dis
tribution was used for the variable annual cost CCS, and the cost of 
transporting and storing CO2. Though the costs of RE and CCs are pro
jected to decline in the future, they will never get to zero. Hence, we 
bound our simulations to the lowest values obtained in the literature to 
prevent simulations of zero to negative values. Because the CCS tax 
credit has only two values since its introduction (i.e., $50/MT (CRS, 
2021) and now $85/MT (IEA, 2022)), we used the triangular distribu
tion to study the economic impacts with and without the existence of 
CCS tax credit (e.g., subsidy equal to zero). A total of fifty thousand it
erations were run for each scenario. 

2.4. Market demand for electricity decarbonization 

Aside from the existence of subsidies and tax credits available to 
renewable energy producers, a green energy market (Bird et al., 2002) is 
available in the US to maximize investment returns and incentivize the 
adoption of renewable energy systems (Swezey and Bird, 2001). The 
green electricity premium is an additional or extra cost that consumers 
pay for electricity generated from greener and cleaner sources (Swezey 
and Bird, 2001). Other countries also have green energy pricing. For 
example, Germany has a green contract where utilities buy RE from 
green producers and sell it to interested consumers (Bloemers et al., 
2001). 

The existence of a green price premium indicates that some elec
tricity consumers may be willing to pay more to procure green elec
tricity. Zorić and Hrovatin (2012) and Sharma (2021) showed that 
households with higher education status, income, and level of 

Table 1 
Input variables used to calculate net present values.  

Technology Market variables Technical variables Policy variables Model 
variables 

Renewable energy (RE) sources: 
Wind and solar  

• Capital cost  
• Annual operating and 

maintenance cost  
• Costs of retiring fossil fuels  
• Green electricity premium  

• Capacity factors of wind, solar, natural 
gas, and coal plants  

• Production share of wind and solar  

• Production tax credit for clean 
energy generation  

• Investment tax credit for renewable 
investment  

• Depreciation tax reduction  

• Discount 
rates  

• Annuity 
factor  

• Inflation 
rates Carbon capture and storage (CCS)  • Cost of CCS retrofit  

• Annual variable cost of 
operating CCS  

• Annual cost of storing and 
transporting  

• Carbon capture target  
• Pipeline capacity  

• CCS tax credit  
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environmental awareness are more likely to accept green electricity 
programs. Grösche and Schröder (2011) performed an internet survey 
on the willingness to pay for green energy and concluded that willing
ness to pay for RE electricity generation ranged from 2.05 cents to 2.37 
cents per kWh. Sundt and Rehdanz (2015) studied the willingness to pay 
for green electricity in different regions and found a mean price of 2.49 
cents per kWh in the US and 4.43 cents per kWh in Europe. Sundt and 
Rehdanz (2015) used meta-regression to study people’s willingness to 
pay for RE and concluded that hydropower was the least acceptable 
because of its consumption of large land acreages with more environ
mental impact than other RE sources. 

Similarly, decarbonization technologies such as CCS could hypo
thetically command a price premium to create a baseline for investors to 
patronize these technologies. To make CCS competitive with RE, the 
establishment of a price premium on net-zero electricity (like that of 
green electricity premiums) could be a possible market-based solution to 
accelerate the large-scale adoption of CCS. In this way, power generators 
with CCS would see more value in investing in CCS technologies. This 
could potentially be achieved if electricity consumers (e.g., institutional, 
commercial, residential, etc.) are willing to pay a price premium for the 
promise of net carbon-free energy alternatives achieved via CCS. How
ever, more studies are needed to study distributional impacts and 
challenges on implementation. 

With CCS technology being a relatively recent technology compared 
to RE systems, there are uncertainties in costs and subsidies, which 
create investment decision risks. This study proposed a hypothetical 
market mechanism whereby CCS-attributed net-zero energy is sold at a 
price premium to make it profitable for power generators to invest in 
CCS even in the presence of uncertainties. In other words, the amount of 
electricity (kWh) that corresponds to the net zero energy due to CCS over 
the lifetime of the project could potentially earn a price premium. 

This proposed price premium was calculated only if the NPVs for the 
first scenario were negative in either the deterministic or stochastic 

model. For instance, the price premium ($/kWh) is calculated from 
Equation (1). Where NPVccs < 0; AF is the annuity factor and E is the net- 
zero electricity (that is, kWh of electricity equivalent to the MT of carbon 
reduction performance mandate). See Appendix A.1 for detailed math
ematical modeling for this study. 

− NPVccs

AF x E
(1) 

Alternatively, if the NPV was positive, this study estimated $/kWh 
value of electricity with a net-zero attribute when the power generator 
had a CCS retrofit (Scenario 1) assuming there is no subsidy. That is, we 
calculate the equivalent $/kWh to sell CCS-attributed net-zero elec
tricity. This is the same as the value of the CCS subsidy and indicates the 
fiscal burden of CCS investment. Similarly, when NPV was positive, this 
study determined the value of technology lifetime cost to understand the 
$/kWh to cover all costs and break even. 

3. Results and discussions 

The model was implemented using data obtained from a typical 
power producer in the US. To meet the performance mandate for 
reducing carbon emissions by 77,169 MT each year, the power producer 
has two technological choices. These choices include (1) adopting a CCS 
retrofit for permanent carbon sequestration to avoid emission to the 
atmosphere which translates to using status quo production technolo
gies and capturing 77,169 MT of carbon per year (Scenario 1), and (2) 
retiring fossil production and replacing it with renewable energy pro
duction from wind and solar which translates into producing 125,265 
MWh of clean energy per year (Scenario 2). 

Section 3.1 presents the deterministic model, where all variables are 
known with 100% certainty. Section 3.2 presents the stochastic model, 
where the market, policy, and technical variables are random and un
certain. The deterministic and stochastic models generated the 

Table 2 
Variables subject to uncertainty, their distributions, and initial and range of values.  

Variables Distribution Baseline Range of 
values 

Source 

Market variables 

Capital cost of onshore wind ($/kW) T (a, b, c) $1718 $1411 – 
$3116 

United States Energy Information AgencyEIA, 2022 

Capital cost of solar ($/kW) T (a, b, c) $1327 $1287 – 
$1612 

United States Energy Information AgencyEIA, 2022 

Annual O&M cost of wind ($/kW) T (a, b, c) $27.57 $32.33 – 
$64.67 

United States Energy Information AgencyEIA, 2022 

Annual O&M cost of solar ($/kW) T (a, b, c) $15.97 $14.01 – 
$31.54 

United States Energy Information AgencyEIA, 2022 

Green electricity premium (cent/kWh) T (a, b, c) $0.03 $0.00 – $0.06 United States Environmental Protection AgencyEPA, 2022a, United States 
Environmental Protection AgencyEPA, 2022b 

Capital cost for CCS (million$/metric tons/ 
hour) 

N (μ, σ, a, b) $1.89 $0.69 – 
$2.48* 

Irlam (2017) 

Variable operating cost for CCS ($/MWh) N (μ, σ, a, b) $5.32 $2.60 – $8.20 Irlam (2017) 
Average cost of onshore CO2 transportation 

and storage ($/MT) 
N (μ, σ, a, b) $11.40 $4.26 – 

$14.18* 
Schmelz et al. (2020), Irlam (2017) 

Inflation rate (%) U (a, b) 3.27 0.01–7.5 FRED (2022) 
Technical variables 
Wind capacity factor (%) U (a, b) 44 38–55 EIA (2020) 
Solar capacity factor (%) U (a, b) 29 23–36 Lizard (2021) 
Natural gas capacity factor (%) U (a, b) 56 48.6–57.3 EIA (2021a,b) 
Coal capacity factor (%) U (a, b) 55 40.5–60.5 EIA (2021a,b) 
Discount rate (%) U (a, b) 5 2–7  
Policy variables 
Section 45Q tax credit for CCS ($/MT of CO2) T (a, b, c) $50 $0 – $85 CRS (2021), IEA (2022) 
Production tax credit (PTC) rate for wind 

(cent/kWh) 
N (μ, σ, a, b) $1.5 $0.001 – 

$0.025 
US DOE (2021a,b) 

Solar investment tax credit (ITC) rate (% of 
expenditure) 

U (a, b) 22 10–30 US DOE (2021a,b) 

MARCS rate for wind (%) U (a, b) 100 0–100 US DOE (2021a,b) 

Note: T (a, b, c) = triangular (min, max, mode); U (a, b) = Uniform (min, max); N (μ, σ, a, b) = bounded normal (mean, standard deviation, min, max); * dollar values 
adjusted to the current year. 

J.W.A. Azure et al.                                                                                                                                                                                                                             



Journal of Cleaner Production 429 (2023) 139324

6

economic performance metrics and drew implications for developing a 
hypothetical; market where CCS-attributable net-zero electricity from 
Scenario 1 could potentially be sold at a price premium. 

3.1. Baseline results: deterministic model 

The performance metrics for the deterministic models are shown in 
Table 3. The results indicate that if power generators are given a carbon 
reduction mandate but have the liberty to choose the technology to meet 
the performance mandate, all technologies provide economically 
feasible outcomes under the given assumptions. RE provided a net re
turn that is approximately 2.6 times that of CCS. This was due to both the 
market (green electricity market and the green premium) and policy- 
induced incentives for RE; CCS only had policy-induced incentives. 

Besides the costs incurred in developing and operating RE technol
ogies, the cost of retiring existing fossil-based power plants is an addi
tional cost power generators will have to bear. This additional cost does 
not affect the CCS option in Scenario 1. Moreover, the RE subsidies 
contributed (MARCS, ITC, and PTC) 32% of the economic return for 
investing in wind and solar energies, while the green electricity pre
mium contributed 68% of the return. Similarly, CCS tax credits, the only 
source of monetization of CCS investments, increased annually at the 
rate of inflation which contributed to a positive NPV for Scenario 1. This 
result was consistent with the study by Nemet et al. (2015), who 
concluded that Section 45Q maximizes the returns of CCS investment. 
The results of this study aligned with Sgouridis et al. (2019), who argued 
that investing in RE yielded a better energetic return than CCS in the 
power sector using technical performance metrics of energy return on 
energy invested (ratio of the energy made available to society over the 
energy invested in the construction and operation of the power plants). 
Rather than comparing the net electricity generation from CCS with RE, 
this study compared the economic performance of investing in the two 
technologies and found that, under the given assumptions, RE provides a 
better return than investing in CCS. The fiscal burden of RE is also 
relatively lower as indicated by the value of RE subsidies, which are 
67.5% lower than the value of CCS subsidies ($0.040/kWh versus 
$0.037/kWh). The private investment costs of RE ($0.037/kWh) are 
also about 5% lower than the private investment cost of CCS 
($0.039/kWh). 

Since the only source of monetization of CCS investment is the CCS 
tax credit provision of Section 45Q subsidy, this study calculated the 
annualized value of this subsidy as the ratio of the total electricity whose 
attributable carbon is permanently stored via the CCS retrofit. This 
yielded a value of $0.04/kWh of electricity, approximately 51% higher 
than the current value of green electricity premium (electricity from RE 
sources). This finding suggests that without a CCS subsidy, electricity 
consumers would have to be willing to pay at least $0.04/kWh for the 
power generator to be indifferent between receiving the subsidy and 
charging a price premium to finance its CCS retrofit. Alternatively, if 

there were no CCS subsidies at all, the power generator would need to 
receive at least $0.039/kWh to cover the cost of CCS retrofit over the 
given period. 

The deterministic model results suggested that a CCS technology 
mandate for the average power generator in this study is not the most 
cost-effective strategy for addressing the given performance target. 
Power generators do economically better when they comply with per
formance standards using RE technologies. Overall, the baseline results 
suggest that power plants are better off using RE technologies (Scenario 
2) than CCS to comply with performance mandates requiring a given 
percentage reduction in carbon emissions. Given the model assump
tions, this is primarily due to market-induced benefits in the form of a 
green electricity premium for clean energy. Scenario 2 facilitates a lower 
fiscal burden with a marginally lower private cost compared to the CCS 
(Scenario 1). Furthermore, without a tax credit, such as Section 45Q, if 
power generators install a CCS retrofit to comply with the given per
formance target, they would need to (hypothetically) charge $0.039 per 
kWh of CCS-attributable net-zero electricity to break even. This price 
premium is about 47% higher than the green electricity premium. 

3.2. Results from stochastic simulations 

3.2.1. Scenario 1: impact of uncertainty on CCS retrofit investment 
By using CCS to meet the performance target, the power producer’s 

annualized NPV ranged between -$83/MT and $196/MT, with a stan
dard deviation of $40.96/MT, mode and median of $14.22/MT and 
$18.66/MT, respectively, and a mean of $22.35/MT. Comparing the 
mean with the deterministic analysis, the mean value obtained in the 
deterministic model was lower than the value from the stochastic 
results. 

CCS showed more variation in NPV and skewness to positive values 
than RE (Fig. 2). Close to 69% of the annualized NPV simulated values 
were positive. The CCS subsidy (Section 45Q) and inflation rate are the 
two most sensitive variables on the annualized NPV per CO2 (Fig. 3). 
With the option of using CCS, the results show that Section 45Q tax 
credit contributed 57% to the annualized NPV variation of the firm. The 
inflation rate was the second key parameter that contributed 25%. The 
annual variable cost, cost of CCS retrofit, and the costs involved in CO2 
storage and transportation contributed 9.6%, 0.6, and 0.3%, respec
tively (Fig. 4). The discount rate contributed 2% to the variation of 
annualized NPV per CO2. 

Even though Koelbl et al. (2014) and Budinis et al. (2018) argued 
that cost uncertainties were key considerations for CCS investment de
cisions, this study’s results showed that monetization via policy in
centives is a key strategy for the viability of CCS technology. In this case, 
the uncertainty arising from the CCS subsidy, the only source of mone
tization for CCS retrofits, is a key parameter that could affect 
decision-making (Fig. 5). The annual variable cost of CCS impacted the 
financial performance of the project negatively. An increase in this 
variable yielded a steeper negative impact on NPV than the remaining 
cost variables. 

3.2.2. Scenario 2: impact of uncertainty on RE investments 
The study presented the effects of changing all input variables 

concurrently on the annualized NPV per MT of CO2. The uncertainties 
involved in using RE to meet the performance target resulted in an 
average annualized NPV of $0.05 per MT of CO2. The annualized NPV 
per MT of CO2 for the deterministic model ($4.62/MT) was higher than 
the mean result obtained in the stochastic analysis ($0.05/MT). The 
range of output from the stochastic analysis was between -$97.8/MT to 
$80/MT, and it had a standard deviation of $22.01/MT, a mean of 
$0.05/MT, a mode of $0.56/MT, and a median of $0.30/MT. Approxi
mately 49.5% of the annualized NPV simulated values were negative. 
The cumulative distribution of the annualized NPV per MT of CO2 with 
all uncertain variables is presented in Fig. 6. Comparing the results to the 
deterministic model, a power producer has a cumulative probability of 

Table 3 
The financial net return of meeting carbon reduction target in deterministic 
models.  

Performance metrics Power generator’s technology choice to meet the 
performance target 

Scenario 1 (CCS retrofit to 
meet 100% target) 

Scenario 2 (RE to meet 
100% target) 

NPV (million) $2.09 $5.48 
Annualized NPV 

(million) 
$0.14 $0.36 

Annualized NPV per CO2 

($/MT) 
1.76 4.62 

Value of subsidy per 
kWh 

$0.040 $0.013 

Value of technology 
costs per kWh 

$0.039 $0.037  
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Fig. 2. Probability distribution of NPV for investing in CCS retrofit technology.  

Fig. 3. Impact of variables on the NPV of CCS retrofit technology.  

Fig. 4. Contribution of uncertain variables on the variance of annualized NPV.  
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approximately 50% to obtain $4.62/MT or more (Table 3). Thus, un
certainty in input variables affected the feasibility of investing in RE to 
meet the given performance target. 

The risk analysis showed that the annualized NPV, the main eco
nomic performance metric for evaluating scenario feasibility, is influ
enced by the uncertainty from policy variables. This finding is consistent 
with results from Sendstad et al. (2022), which showed that a stable 
policy commitment plays a role in RE investments by private firms. The 
relative impact of uncertainty from policy, market, and technical vari
ables is presented in Fig. 7. The green electricity premium contributed to 
about 72% of the variations in the annualized NPV, while the capital 
cost of wind contributed about 11%. The rest of the variables each 
contribute less than 2% of the variation in the NPV performance (Fig. 8). 

Green electricity premium had a strong positive impact on the 
annualized NPV as seen in Fig. 9. This stresses the importance of market- 
driven incentives in achieving net-zero or zero-emission goals. As ex
pected, tax credits had a positive impact on NPV. The absence of these 
policy incentives would likely make the firm run at a loss. This result 
emphasizes the importance of policy incentives for clean energy in
vestments. Costs have the expected reduction effect on the NPV despite 

individual cost items not standing out as being relatively stronger. 

3.3. Implications for a net-zero price premium 

As presented in Section 3.2.1., approximately 31.4% of the simula
tion runs in Scenario 1 yield negative NPVs. This suggests a high prob
ability of operating at a loss while investing in the CCS technology to 
comply with performance mandates. This risk level may not encourage 
investors towards investing in CCS and emphasizes the importance of 
additional risk-free monetization beyond the provisions from Section 
45Q. Such monetization could potentially come from market forces, 
such as demand for net-zero electricity. Net-zero electricity is generated 
with retrofitted CCS technology, and thus, the resulting carbon is 
captured and permanently stored in geological basins. If consumers 
value net-zero-emission electricity, they might be willing to pay a price 
premium to reduce the cost of retrofitting CCS technologies in existing 
power plants. 

The price premium to switch negative NPVs to a breakeven point for 
the stochastic model ranges from a maximum of $0.05 per kWh to a 
minimum value of $2.3 × 10− 6 per kWh. The associated standard devi

Fig. 5. Effect of changing variables on annualized NPV per MT of CO2.  

Fig. 6. Histogram and cumulative distribution of financial performance of investing in RE technologies to meet the performance target.  
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Fig. 7. Impact of individual variables on the variability of financial performance (NG stands for natural gas).  

Fig. 8. Impact of uncertain variables on the variance of annualized NPV (NG stands for natural gas).  

Fig. 9. Effect of changing variables on annualized NPV per MT of CO2.  
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ation is $0.01 per kWh, a mean of $0.013/kWh, a mode, and median of 
$0.001/kWh and $0.011/kWh, respectively (Fig. 10). The mean price 
premium for Scenario 1 is about 50% less than the existing green pre
mium value of $0.027/kWh for green electricity (United States Envi
ronmental Protection Agency, EPA, 2022b). The peak net-zero price 
premium for CCS is $0.03/kWh, which is the same as the green elec
tricity premium. A price premium of $0/kWh in Fig. 10 corresponds to 
annualized NPV per CO2 that yielded a positive NPV value. Thus, it does 
not need a price premium to break even. See Appendix C.1 for details on 
CCS subsidy and costs of the net-zero electricity price premium via CCS. 

What is the effect of this proposed net-zero price premium for CCS on 
the consumer? With a hypothetical market featuring a price premium for 
CCS-attributed net zero electricity, consumers will have to pay an extra 
up to $0.03/kWh more for electricity. The existing RE market (US DOE, 
2022) has consumers paying an extra $0.03/kWh for green electricity 
and the literature discussed in Section 2 shows the willingness to pay for 
green electricity. Thus, the proposed price premium for net-zero elec
tricity via CCS from this study is like what consumers are willing to pay 
for combating climate change and the associated weather and climate 
catastrophes. However, while we provide an initial estimate for the 
resulting price premium, we acknowledge distributional impacts need to 
be examined and carefully considered. In addition, rather than rely on 
demand forces and willingness to pay, resources could be directed to
ward research and development to improve the cost performance of 
existing CCS technologies. 

4. Conclusion 

This study examined the risks and returns of investing in CCS and RE 
technologies as alternative strategies to meet a performance target. The 
uncertainties examined were grouped into policy, market, and technical 
variables. The metrics for measuring the economic return on investment 
are the annualized NPV per MT of CO2. The results from the determin
istic model showed that using RE technologies to meet a performance 
target was a more profitable investment than investing in CCS. The 
stochastic analysis shows that using either RE or CCS to comply with 
performance standards was not a risk-free investment. 

Table 4 contains a summary of policy recommendations from the 
study. These recommendations were based on achieving goals using the 
most cost-effective (generating a positive net return to investors) and 
risk-reducing path. The results from the deterministic models, which 
considered the existence of a carbon reduction performance target and 
the status quo of subsidies and tax credits for climate-friendly 

technologies (CCS and RE) in the electricity generation sector, indicated 
the importance of CCS subsidies in the profitability of CCS investment. 
To encourage the adoption of CCS technologies, CCS subsidies are 
crucial. The combination of status quo policy incentives (subsidies, tax 
credits) and green electricity price premiums makes investments in RE 
profitable. With policies incentives (subsidies and tax credits) but the 
absence of the green premium yielded an annualized NPV and annual
ized NPV per MT of CO2 of -$2.99 million and -$38.80/MT of CO2 
avoided, respectively, highlighting the need for a green electricity 
market. Therefore, in a deterministic world, the presence of a perfor
mance mandate could be cost-effective only with existing policies and 
market incentives. 

The stochastic modeling approach showed CCS had a wider uncer
tainty range of annualized NPV per MT of the CO2 captured and stored 
than RE. This study showed that the current RE subsidies without the 
green premium will increase the risk of investment losses in RE. The 
stochastic model shows that there is a measurable risk in investing in 
CCS and RE: 31% of NPVs were negative for CCS (Scenario 1) and 49% of 
NPVs were negative for RE (Scenario 2). An increase in current policy 
incentives for both RE and CCS as well as the creation of new markets for 
net-zero electricity from CCS could create opportunities for lowering 
some of these risks. 

A price premium for net-zero electricity achieved via CCS, just like 
the existing green price premium for RE, could be a potential approach 
to reduce investors’ risk. The price premium for net-zero electricity for 
power producers who produce electricity, with CCS retrofit technolo
gies, is likely to encourage the adoption of CCS technology globally. This 
study proposed a net-zero electricity price premium via CCS of at least 
the current green premium price ($0.027/kWh from EPA, 2022a,b). The 

Fig. 10. Results of hypothetical net-zero price premiums for Scenario 1.  

Table 4 
Policy recommendations.  

Recommended 
approach 

Performance mandate with 
deterministic model 

Performance mandate with 
stochastic model 

Status quo policy 
incentive 

Yes Not enough 

Additional policy 
incentives 

No Yes 

CCS mandate No No 
Green electricity 

markets 
Yes Yes 

Net-zero electricity 
market 

No Yes  
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proposed CCS-attributed price premium, coupled with Section 45Q, 
could guarantee at least a break-even point for power plants with CCS 
retrofits. However, the implementation is more than likely to be chal
lenging and so we recommend future studies to examine the impact of 
such markets on energy accessibility. 

Conclusions drawn from this study include: (1) Carbon reduction 
mandate (performance target) from global governments requires more 
efforts to make investments in clean electricity generation. The current 
subsidies and tax credits for both CCS and RE are not enough with the 
uncertainties surrounding market, policy, and technical variables. (2) 
The use of RE to address performance target is cost-effective than using 
CCS in a deterministic but not necessarily a stochastic model. (3) Poli
cymakers could set carbon reduction targets/mandates for power pro
ducers but should not mandate the choice of technologies to meet the 
emission reduction mandate. Power producers should be allowed to 
choose technology (clean and/or abatement) that maximizes their 
profits while producing electricity and meeting the performance man
dates set by policymakers. 

This study relies on a number of simplifying assumptions and so 
results could change with changing assumptions and modeling ap
proaches. For example, this study could be improved by considering the 
effects of depreciation of clean energy and abatement assets over time. 

Secondly, we used a 21% business tax which may widely vary across 
time and space. Finally, data is obtained from a generic power generator 
operating in the US and several numerical values are simulated based on 
the US market. Future studies could extend the work by looking at other 
markets where there are more advanced CCS projects. 
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Appendix A 

A.1. Mathematical modeling 

Equations (2) and (3) show the estimations for the total initial cost incurred for using wind and solar energy. The capital costs are one-time costs 
incurred in the initial year. All rates for costs for wind and solar are obtained from EIA (2022a,b). 

TCs =Cs × SC (2) 

TCs is the total initial capital cost for solar ($), Cs is the average capital cost for solar ($/KW) and SC is the solar capacity (KW). 

TCw =Cw × WC (3) 

TCw is the total initial capital cost for wind ($), Cw is the average capital cost for wind ($/KW) and WC is the wind capacity (KW). 
The costs incurred yearly from solar and wind energy are shown in Equations (4) and (5), respectively. We estimated the operating and main

tenance costs as the product of the rate cost in $/KW and the capacity factor of energy. 

TOs =Os × SC (4) 

TOs is the annual fixed operating and maintenance cost for solar ($) and Os is the average annual rate for fixed operating and maintenance cost for 
solar ($/KW). 

TOw =Ow × WC (5) 

TOw is the annual operating and maintenance cost for wind ($) and Ow is the average annual rate of fixed operating and maintenance cost for wind 
rate ($/KW). 

Equations (6) and (7) represent the cost of retiring existing fossil-based (natural gas and coal) power plants with RE (wind and solar). 

TCc =
C × (W + S)

24 × 365 × CFc
× Cc (6) 

TCc is the total cost of retiring coal ($), C is the share of electricity generated from coal (%), W is the annual wind production (kWh), S is annual 
solar production (kWh), Cc is the average cost to retire coal ($/KW) and CFc is the capacity factor of coal (%). 

TCNG =
NG × (W + S)

24 × 365 × CFNG
× CNG (7) 

TCNG is total cost of retiring natural gas ($), NG is share of electricity generation from natural gas (%), CFNG is the capacity factor of natural gas (%) 
and CFNG is the average cost to retire natural gas ($/KW). 

The costs involved in using CCS as a CO2 reduction technology include the costs of carbon capture, operating and maintenance (O&M), transport, 
and storage. The capture cost included the carbon capture equipment, material, labor, and indirect costs associated with capturing CO2 (e.g., energy 
penalty cost) obtained from Irlam (2017). The cost of CCS retrofitting is a one-time cost that occurs in the initial year. The O&M cost is the annual cost 
involved in maintaining the technology (Irlam, 2017). In our model, the costs of transporting and storing CO2 are considered an annual cost, and the 
average values of Schmelz et al. (2020) and Irlam (2017) are used as initial values. Equation (8) through (10) indicate the estimation of costs involved 
in using CCS technology. 

Icap =Ccap × H (8) 

Icap is the initial cost of CCS retrofit ($/MT), Ccap is the average cost of retrofitting CCS ($/MT/hr), and H is the CCS capture target per hour. 
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AST =CO2 × CST (9) 

AST is the annual cost for transporting and storing CO2 ($), CST is the average cost of CO2 transportation and storage ($/MT) and CO2 is the amount 
of CO2 captured annually (MT). 

AVC =CO2 × VC (10) 

AVC is the annual variable cost of CCS and VC is the variable cost of CCS ($/MWh) capturing the energy penalty cost of a power plant with CCS. 
The capacity factors of RE estimations are presented in Equations (11) and (12). 

SC =

(
S

24 × 365 × SCF

)

(11) 

SC is the solar capacity (KW), SCF is the solar capacity factor (%), and S is annual solar production (kWh). 

WC =

(
W

24 × 365 × WCF

)

(12) 

WC is the solar capacity (KW), WCF is wind capacity factor (%), and W is the annual wind production (kWh). 
The only source of monetization for CCS is the CCS tax credit called Section 45Q tax credit in the US. CCS tax credits are assumed to annually 

increase at rate equal to the inflation rate. 

CCSS =Q ×CO2 × GAF (13) 

CCSS is the CCS tax credit ($) earned, CO2 is the amount of CO2 captured annually (MT), Q is the rate of Section 45Q subsidy ($/MT). AF is the 
annuity factor, r = discount factor (%), t = time, and R is the inflation rate. The growing annuity factor and annuity factor are calculated using 
Equations (14) and (15). 

Growing annuity factor,GAF =
(1 − ((1 + R)/(1 + r)̂t))

r − R
(14)  

AF =
1 − (1 + r)t

r
(15) 

The green electricity price premium for wind and solar energy is a market-based incentive for investing in RE (see Equation (16)). It is calculated as 
follows: 

G= g × (W + S) (16) 

G is the total annual value of the green premium ($) and g is the green electricity premium ($/kWh). There are three types of policy-induced sources 
of monetization for RE in the US: production tax credit (PTC) for wind energy generation, investment tax credit (ITC) and depreciation tax reduction 
for wind and solar equipment referred to as Modified Accelerated Cost Recovery System (MARCS) depreciation (US DOE, 2021a,b). The PTC is a tax 
credit that is earned for the first 10 years of wind energy generation (US DOE, 2021a,b). The ITC is a one-time credit on the initial dollar amount 
invested in renewable energy. 

PTC =P × W × AF10 (17) 

PTC is the total production tax credit ($), P is PTC tax credit rate for wind generation ($/kWh), AF10 is the annuity factor for 10 years. 

ITC= I × SC× Cs (18) 

ITC is the total investment tax credit for solar ($), I is investment tax credit (ITC) rate for solar (%). 

MW =Mwr × TCw × B (19)  

MS =Msr × TCs × B (20) 

B is the business tax paid by the power operator (%), Mwr is MARCS rate for wind energy (%), Msr is MARCS rate for solar energy (%), MW is MARCS 
subsidy for wind ($), MS is MARCS subsidy for solar ($). 

A.2. Financial performance metrics 

Equation (21) through (24) show the mathematics behind the financial performance metrics for each scenario. The annualized NPV is a measure of 
the yearly financial return earned from each scenario. This is divided by CO2 captured (via CCS) or CO2 avoided (via RE) to get the annualized NPV per 
MT of CO2. 

Total discounted life-time policy induced incentives for solar and wind energy is calculated in Equation (21). 

bRE =PTC + Mw + Ms (21) 

The total discounted market-induced life-time net benefit (ARE) is calculated in Equation (22). 

ARE =(G − TOw − TOs) × AF30 (22) 

AF30 is annuity factor for 30 years. Tin is total initial cost net of initial subsidy if any ($) and is calculated in Equation (23). 

Tin =TCw + TCs + TCc + TCNG − ITC (23) 

The net present value for each scenario is calculated as follows: 

NPVRE =ARE + bRE − Tin (24) 
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NPVccs =CCSS − (AST +AVC)×AF30 − Icap (25)  

Appendix B 

B.1. Generation and carbon emissions of the electricity producer modeled in this study 

Table B1 shows the energy generation of an average independent power producer (IPP) for Texas. We consider the average IPP in Texas as our case 
study because the electric power generators in Texas are ideal to study the CCS-RE relationship for at least three reasons. First, the Texas electricity 
market is deregulated, and thus individual power generators produced about 66% of the total electric power of the State (EIA, 2021a,b). According to 
PUCT (2022), there are about 580 IPPs in Texas. Second, pre-existing non-utilized oil wells have a good potential for carbon storage (Chaudhry et al., 
2013). Medlock and Miller (2020) stated that Texas has a geological formation suitable for storing CO2. Third, Texas has favorable climatic conditions 
for wind and solar energy production and is one of the leading states on renewable generation. 

The total CO2 emissions for power sector for 2021 was extrapolated from EIA, 2021a,b. The carbon intensity of fossil energy sources for a typical 
power producer calculated is shown in Table B2. Finally, the annual CO2 reduction target that meets a 52% reduction of the 2008 emissions levels of 
the USA was estimated (Table B2).  

Table B.1 
Source of electric power generation for the average power producer in 2021 (EIA, 2021a,b)  

Energy source Average generation per producer (MWh) Percentage (%) 

Coal 95,018 17.3 
Hydroelectric Conventional 64 0.01 
Natural Gas 186,397 34.03 
Nuclear 69,330 12.66 
Other Biomass 556 0.10 
Petroleum 39 0.01 
Solar Thermal and Photovoltaic 24,332 4.44 
Wind 171,962 31.40   

Table B.2 
Statistics of CO2 reduction target and RE of the average IPP used in this study.  

Description Values 

The annual generation of power plant (MWh) 547,642 
Annual non-renewables needed to replace fossil fuels (MWh) 62,632.643 
Annual wind energy production (MWh) 54,869.022 
Annual solar energy production (MWh) 7763.621 
Carbon intensity of fossil generation of IPP (MT of carbon/MWh) 6.16× 10− 4 

Performance CO2 reduction target consistent with 52% goal (MT) 77,168.87  

Appendix C 

C.1. Impacts of CCS subsidy and costs on net-zero price premium via CSS 

Figure C1 showed that CCS subsidy has a greater impact on the net-zero electricity price premium. Section 45Q and annual variable cost involved 
in CCS had a regression coefficient of − 1.16 and 0.7, respectively. The cost of retrofitting CCS and cost of storing and transporting CO2 had a regression 
coefficient of 0.19 and 0.14, respectively. This results emphases on our conclusions that investors should concentrate on policy subsidies than the costs 
involved in investing in CCS. As the CCS subsidy increases, the need for the net-zero electricity price premium reduces. 
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Fig. C.1. Change in the mean of net-zero price premium via CCS across range of input values.  
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Grösche, P., Schröder, C., 2011. Eliciting public support for greening the electricity mix 
using random parameter techniques. Energy Econ. 33 (2), 363–370. 

Hamilton, M.R., Herzog, H.J., Parsons, J.E., 2009. Cost and US public policy for new coal 
power plants with carbon capture and sequestration. Energy Proc. 1 (1), 4487–4494. 

International Energy Agency (IEA), 2021. Net zero by 2050 A roadmap for the global 
energy sector. https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c 

-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf. 
(Accessed 27 October 2022). 

International Energy Agency (IEA), 2022. Section 45Q Credit for Carbon Oxide 
Sequestration. November 2022. https://www.iea.org/policies/4986-section-45q-cre 
dit-for-carbon-oxide-sequestration. 

Irlam, L., 2017. Global Costs of Carbon Capture and Storage. Global Carbon Capture and 
Storage institute, p. 16. 

Janet Peace Jason Ye, 2020. US Policy Market Mechanisms: Options for Climate Policy. 
Center for Climate and Energy Solutions. https://www.c2es.org/wp-content/up 
loads/2020/04/market-mechanisms-options-climate-policy.pdf. 

Kangas, H.L., Ollikka, K., Ahola, J., Kim, Y., 2021. Digitalization in wind and solar power 
technologies. Renew. Sustain. Energy Rev. 150, 111356. 

Koelbl, B.S., van den Broek, M.A., Faaij, A.P., van Vuuren, D.P., 2014. Uncertainty in 
carbon capture and storage (CCS) deployment projections: a cross-model comparison 
exercise. Climatic Change 123 (3), 461–476. 

Krey, V., Luderer, G., Clarke, L., Kriegler, E., 2014. Getting from here to there–energy 
technology transformation pathways in the EMF27 scenarios. Climatic Change 123 
(3), 369–382. 

Larson, E., Greig, C., Jenkins, J., Mayfield, E., Pascale, A., Zhang, C., Drossman, J., 
Williams, R., Pacala, S., Socolow, R., Baik, E.J., Birdsey, R., Duke, R., Jones, R., 
Haley, B., Leslie, E., Paustian, K., Swan, A., 2021. Net-Zero America: Potential 
Pathways, Infrastructure, and Impacts, Final Report Summary. Princeton University, 
Princeton, NJ.  

Li, X., Zhang, R., Bai, L., Li, G., Jiang, T., Chen, H., 2018. Stochastic low-carbon 
scheduling with carbon capture power plants and coupon-based demand response. 
Appl. Energy 210, 1219–1228. 

Lohwasser, R., Madlener, R., 2012. Economics of CCS for coal plants: impact of 
investment costs and efficiency on market diffusion in Europe. Energy Econ. 34 (3), 
850–863. 

McCollum, D., Krey, V., Kolp, P., Nagai, Y., Riahi, K., 2014. Transport electrification: a 
key element for energy system transformation and climate stabilization. Climatic 
Change 123 (3), 651–664. 

Medlock, K., Miller, K., 2020. Expanding Carbon Capture in Texas. Baker Institute for 
Public Policy working paper.  

Mo, J.L., Schleich, J., Zhu, L., Fan, Y., 2015. Delaying the introduction of emissions 
trading systems—implications for power plant investment and operation from a 
multi-stage decision model. Energy Econ. 52, 255–264. 

Mo, J., Schleich, J., Fan, Y., 2018. Getting ready for future carbon abatement under 
uncertainty–key factors driving investment with policy implications. Energy Econ. 
70, 453–464. 

Muratori, M., Kheshgi, H., Mignone, B., Clarke, L., McJeon, H., Edmonds, J., 2017. 
Carbon capture and storage across fuels and sectors in energy system transformation 
pathways. Int. J. Greenh. Gas Control 57, 34–41. 

National conference of state legislation, N.C.S.L., 2021. State renewable portfolio 
standards and goals. December 2022. https://www.ncsl.org/research 
/energy/renewable-portfolio-standards.aspx#renew. 

Nemet, G.F., Baker, E., Barron, B., Harms, S., 2015. Characterizing the effects of policy 
instruments on the future costs of carbon capture for coal power plants. Climatic 
Change 133 (2), 155–168. 

Patrizio, P., Leduc, S., Kraxner, F., Fuss, S., Kindermann, G., Mesfun, S., et al., 2018. 
Reducing US coal emissions can boost employment. Joule 2 (12), 2633–2648. 

Pechman, Carl, Kathryn Kline, Dr, Sherry, Lichtenberg, Jeffrey, Loiter, Bernie 
Neenan, Dr, Nethercutt, Elliott, Stanton, Thomas, 2022. The Economics of Carbon 

J.W.A. Azure et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0959-6526(23)03482-0/sref1
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref1
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref3
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref3
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref3
https://wyofile.com/utilities-wyo-ccus-mandate-could-spike-monthly-bills-by-100/
https://wyofile.com/utilities-wyo-ccus-mandate-could-spike-monthly-bills-by-100/
https://scholar.google.com/scholar?hl=en&amp;as_sdt=0%2C26&amp;q=Bloemers%2C+R.%2C+Magnomi%2C+F.%2C+Peters%2C+M.%2C+2001.+Paying+a+green+premium.+McKinsey+Q.+15-15&amp;btnG=
https://scholar.google.com/scholar?hl=en&amp;as_sdt=0%2C26&amp;q=Bloemers%2C+R.%2C+Magnomi%2C+F.%2C+Peters%2C+M.%2C+2001.+Paying+a+green+premium.+McKinsey+Q.+15-15&amp;btnG=
https://scholar.google.com/scholar?hl=en&amp;as_sdt=0%2C26&amp;q=Bloemers%2C+R.%2C+Magnomi%2C+F.%2C+Peters%2C+M.%2C+2001.+Paying+a+green+premium.+McKinsey+Q.+15-15&amp;btnG=
http://refhub.elsevier.com/S0959-6526(23)03482-0/optXnNRbdv48J
http://refhub.elsevier.com/S0959-6526(23)03482-0/optXnNRbdv48J
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref6
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref6
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref6
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref7
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref7
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref8
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref8
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref8
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref10
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref10
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref10
https://sgp.fas.org/crs/misc/IF11455.pdf
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref13
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref13
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref13
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref14
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref14
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref14
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref14
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref15
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref15
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref15
https://fred.stlouisfed.org/series/CUURA316SEHF
https://www.globalccsinstitute.com/wp-content/uploads/2021/03/Global-Status-of-CCS-Report-English.pdf
https://www.globalccsinstitute.com/wp-content/uploads/2021/03/Global-Status-of-CCS-Report-English.pdf
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref19
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref19
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref21
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref21
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://www.iea.org/policies/4986-section-45q-credit-for-carbon-oxide-sequestration
https://www.iea.org/policies/4986-section-45q-credit-for-carbon-oxide-sequestration
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref24
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref24
https://www.c2es.org/wp-content/uploads/2020/04/market-mechanisms-options-climate-policy.pdf
https://www.c2es.org/wp-content/uploads/2020/04/market-mechanisms-options-climate-policy.pdf
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref26
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref26
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref28
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref28
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref28
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref29
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref29
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref29
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref30
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref30
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref30
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref30
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref30
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref31
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref31
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref31
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref32
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref32
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref32
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref33
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref33
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref33
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref34
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref34
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref35
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref35
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref35
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref36
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref36
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref36
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref37
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref37
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref37
https://www.ncsl.org/research/energy/renewable-portfolio-standards.aspx#renew
https://www.ncsl.org/research/energy/renewable-portfolio-standards.aspx#renew
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref39
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref39
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref39
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref40
http://refhub.elsevier.com/S0959-6526(23)03482-0/sref40


Journal of Cleaner Production 429 (2023) 139324

15

Capture and Sequestration. The National Regulatory Research Institute. https://p 
ubs.naruc.org/pub/5E2BBD6A-1866-DAAC-99FB-BAD3DC5213C2. 

Public Utility Commission of Texas (PUCT), 2022. Market Directories: Electric 
Companies Serving Texas. January 2022. https://www.puc.texas.gov/industry/elec 
tric/directories/Default.aspx. 

Rao, A.B., Kumar, P., 2014. Cost implications of carbon capture and storage for the coal 
power plants in India. Energy Proc. 54, 431–438. 

Rohlfs, W., Madlener, R., 2011. Valuation of CCS-ready coal-fired power plants: a multi- 
dimensional real options approach. Energy Syst. 2, 243–261. 

Rubin, E.S., Zhai, H., 2012. The cost of carbon capture and storage for natural gas 
combined cycle power plants. Environ. Sci. Technol. 46 (6), 3076–3084. 

Rubin, E.S., Rao, A.B., Chen, C., 2005. Comparative assessments of fossil fuel power 
plants with CO2 capture and storage. In: In Greenhouse Gas Control Technologies, 
vol. 7. Elsevier Science Ltd, pp. 285–293. 

Sanchez, D.L., Kammen, D.M., 2016. A commercialization strategy for carbon-negative 
energy. Nat. Energy 1 (1), 1–4. 

Schmelz, W.J., Hochman, G., Miller, K.G., 2020. Total cost of carbon capture and storage 
implemented at a regional scale: northeastern and midwestern United States. Interf. 
Focus 10 (5), 20190065. 

Sendstad, L.H., Chronopoulos, M., 2020. Sequential investment in renewable energy 
technologies under policy uncertainty. Energy Pol. 137, 111152. 

Sendstad, L.H., Hagspiel, V., Mikkelsen, W.J., Ravndal, R., Tveitstøl, M., 2022. The 
impact of subsidy retraction on European renewable energy investments. Energy Pol. 
160, 112675. 

Sepulveda, N.A., Jenkins, J.D., de Sisternes, F.J., Lester, R.K., 2018. The role of firm low- 
carbon electricity resources in deep decarbonization of power generation. Joule 2 
(11), 2403–2420. 

Sgouridis, S., Carbajales-Dale, M., Csala, D., Chiesa, M., Bardi, U., 2019. Comparative net 
energy analysis of renewable electricity and carbon capture and storage. Nat. Energy 
4 (6), 456–465. 

Sharma, N., 2021. Public perceptions towards adoption of residential Solar Water 
Heaters in USA: a case study of Phoenicians in Arizona. J. Clean. Prod. 320, 128891. 

Singh, U., Rao, A.B., Chandel, M.K., 2017. Economic implications of CO2 capture from 
the existing as well as proposed coal-fired power plants in India under various policy 
scenarios. Energy Proc. 114, 7638–7650. 

Singh, S.P., Ku, A.Y., Macdowell, N., Cao, C., 2022. Profitability and the use of flexible 
CO2 capture and storage (CCS) in the transition to decarbonized electricity systems. 
Int. J. Greenh. Gas Control 120, 103767. 

State of Wyoming, 2022. Legislation-2022 SF0064 - Carbon Capture and Sequestration. 
Assessed February 2023. https://www.wyoleg.gov/Legislation/2022/SF0064. 

Stavins, R.N., Whitehead, B.W., 1992. Dealing with pollution: market-based incentives 
for environmental protection. Environment 34 (7), 6–42. 

Sundt, S., Rehdanz, K., 2015. Consumers’ willingness to pay for green electricity: a meta- 
analysis of the literature. Energy Econ. 51, 1–8. 

Swezey, B., Bird, L., 2001. Utility Green-Pricing Programs: what Defines Success? 
(Topical Issues Brief). National Renewable Energy Lab (NREL), Golden, CO (United 
States). No. NREL/TP-620-29831).  

United Nations Framework Convention on Climate Change (UNFCCC), 2021. The United 
States of America Nationally Determined Contribution Reducing Greenhouse Gases 
in the United States: A 2030 Emissions Target. Microsoft Word - United States NDC 
April 21, 2021. Final.docx (unfccc.int).  

United States Department of Energy, DOE, 2021a. Office of energy efficiency and 
renewable energy. Production tax credit and investment tax credit for wind energy. 
In: WINDExchange: Production Tax Credit and Investment Tax Credit for Wind 
Energy. Assessed January 2022.  

United States Department of Energy, DOE, 2021b. Office of Energy Efficiency and 
Renewable Energy. Guide to the Federal Investment Tax Credit for Commercial Solar 
Photovoltaics. Guide to the Federal Investment Tax Credit for Commercial Solar 
Photovoltaics (energy.gov). Assessed January 2022.  

United States Department of Energy, DOE, 2022. Office of Energy Efficiency and 
Renewable Energy. Buying clean electricity. Assessed January 2023. https://www. 
energy.gov/energysaver/buying-clean-electricity. 

United States Energy Information Agency, 2022a. EIA annual energy outlook. In: Cost 
and Performance Characteristics of New Generating Technologies. January 2022. htt 
ps://www.eia.gov/outlooks/aeo/assumptions/pdf/table_8.2.pdf. 

United States Energy Information Agency, EIA Annual Energy Outlook, 2022b. Electric 
Power Monthly. Table 6.07.A. Capacity Factors for Utility-Scale Generators 
Primarily Using Fossil Fuels. Electric Power Monthly - U.S. Energy Information 
Administration (EIA). 

United States Energy Information Agency, EIA, 2020. Wind Is Growing Part of the 
Electricity Mix in Texas. June 2022. https://www.eia.gov/todayinenergy/detail.ph 
p?id=45476#:~:text=In%20April%202019%2C%20wind%20generators,United% 
20States%20as%20a%20whole. 

United States Energy Information Agency, EIA, 2021a. Emissions from Energy 
Consumption at Conventional Power Plants and Combined-Heat-And-Power Plants 
by State, Preliminary Data. https://www.eia.gov/electricity/annual/html/epa_09_0 
5.html. 

United States Energy Information Agency, EIA, 2021b. Electricity. Net generation by 
states by type of producers by energy sources (EIA-923). https://www.eia.gov/elec 
tricity/data/state/. (Accessed 21 January 2022). 

United States Energy Information Agency, EIA, 2021c. Electric Power Monthly. Capacity 
Factors for Utility Scale Generations Primarily Fossil Fuels. https://www.eia.gov/ele 
ctricity/monthly/epm_table_grapher.php?t=epmt_6_07_a. 

United States Energy Information Agency, EIA, 2022. How Much of U.S. Carbon Dioxide 
Emissions Are Associated with Electricity Generation? November 2022. https 
://www.eia.gov/tools/faqs/faq.php?id=77&t=11. 

United States Environmental Protection Agency, EPA, 2022a. What Is Emissions 
Trading? October 2022. https://www.epa.gov/emissions-trading-resources/what 
-emissions-trading. 

United States Environmental Protection Agency, EPA, 2022b. Green powering pricing. 
January 2022. https://www.epa. 
gov/green-power-markets/green-power-pricing#one. 

United States State Electricity Portfolio Standards, EPS, 2022. Center for Climate and 
Energy Solutions last accessed October 18, 2022. U.S. State Electricity Portfolio 
Standards - Center for Climate and Energy Solutions Center for Climate and Energy 
Solutions (c2es.org).  

Waxman, A.R., Corcoran, S., Robison, A., Leibowicz, B.D., Olmstead, S., 2021. 
Leveraging scale economies and policy incentives: carbon capture, utilization & 
storage in Gulf clusters. Energy Pol. 156, 112452. 

Yuan, M., Barron, A.R., Selin, N.E., Picciano, P.D., Metz, L.E., Reilly, J.M., Jacoby, H.D., 
2022. Meeting US greenhouse gas emissions goals with the international air 
pollution provision of the clean air act. Environ. Res. Lett. 17 (5), 054019. 

Zhang, X., Wang, X., Chen, J., Xie, X., Wang, K., Wei, Y., 2014. A novel modeling based 
real option approach for CCS investment evaluation under multiple uncertainties. 
Appl. Energy 113, 1059–1067. 

Zhu, L., Fan, Y., 2013. Modelling the investment in carbon capture retrofits of pulverized 
coal-fired plants. Energy 57, 66–75. 
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