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Abstract 

Carbon Capture and Storage (CCS) technologies provide a means to significantly 

reduce carbon emissions from the existing fleet of fossil-fired plants, and hence can 

facilitate a gradual transition from conventional to more sustainable sources of electric 

power. This is especially relevant for coal plants that have a CO2 emission rate that is 

roughly two times higher than that of natural gas plants. Of the different kinds of CCS 

technology available, post-combustion amine based CCS is the best developed and 

hence more suitable for retrofitting an existing coal plant.  The high costs from operating 

CCS could be reduced by enabling flexible operation through amine storage or allowing 

partial capture of CO2 during high electricity prices. This flexibility is also found to 

improve the power plant’s ramp capability, enabling it to offset the intermittency of 

renewable power sources. This thesis proposes a solution to problems associated with 

two promising technologies for decarbonizing the electric power system: the high costs 

of the energy penalty of CCS, and the intermittency and non-dispatchability of wind 

power. It explores the economic and technical feasibility of a hybrid system consisting of 

a coal plant retrofitted with a post-combustion-amine based CCS system equipped with 

the option to perform partial capture or amine storage, and a co-located wind farm.  A 

techno-economic assessment of the performance of the hybrid system is carried out both 
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from the perspective of the stakeholders (utility owners, investors, etc.) as well as that of 

the power system operator.  

In order to perform the assessment from the perspective of the facility owners 

(e.g., electric power utilities, independent power producers), an optimal design and 

operating strategy of the hybrid system is determined for both the amine storage and 

partial capture configurations. A linear optimization model is developed to determine 

the optimal component sizes for the hybrid system and capture rates while meeting 

constraints on annual average emission targets of CO2, and variability of the combined 

power output. Results indicate that there are economic benefits of flexible operation 

relative to conventional CCS, and demonstrate that the hybrid system could operate as 

an energy storage system: providing an effective pathway for wind power integration as 

well as a mechanism to mute the variability of intermittent wind power.  

In order to assess the performance of the hybrid system from the perspective of 

the system operator, a modified Unit Commitment/ Economic Dispatch model is built to 

consider and represent the techno-economic aspects of operation of the hybrid system 

within a power grid. The hybrid system is found to be effective in helping the power 

system meet an average CO2 emissions limit equivalent to the CO2 emission rate of a 

state-of-the-art natural gas plant, and to reduce power system operation costs and 

number of instances and magnitude of energy and reserve scarcity. 
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1. Introduction  

1.1 Carbon Capture and Storage (CCS) 

Rising atmospheric CO2 levels are a source of concern worldwide. Studies 

indicate that the energy sector accounts for roughly two-thirds of the global greenhouse 

gas emission [1], and about 65% of global CO2 emissions are attributed to fossil-fired 

electricity generation and industrial processes [1]. In spite of great advances in 

renewable power technology, economic constraints as well as concerns over the 

reliability of a power grid solely dependent upon renewable power, electricity 

generation world-wide continues to be dependent upon fossil fuels. A technology that 

could bridge the transition from a fossil dependent energy system to one fueled by 

renewables is Carbon Capture and Sequestration.  CCS technologies can cut-down up to 

90% of CO2 atmospheric emissions from the flue gas emitted by power plants fired with 

fossil fuels [2], and hence provide a means to operating coal and gas-fired power plants 

as part of a low-carbon electricity portfolio.  

The mechanisms for capturing CO2 emissions from power plants allow a broad 

classification of CCS systems into three basic technology types: (a) pre-combustion, (b) 

post-combustion, and (c) oxy-fuel combustion. Of the different kinds of CCS technology 

available, post-combustion amine based CCS is the best developed and most likely to be 

used for retrofitting an existing coal plant [3]. Post-combustion CCS refers to equipment 



 

2 

 

to capture CO2 after combustion of fuel, by chemical scrubbing of the flue gas. The CO2 

obtained is then used in a number of industrial processes and/or sequestered in 

underground geologic formations so that it does not increase atmospheric CO2 levels.   

In an amine-based post-combustion system, the flue gas from the coal plant is 

treated with aqueous mono-ethanol amine (MEA) solution (amine sorbent/solution) in a 

scrubbing system. The scrubbing system is composed of two parts: (a) the absorber, 

where the CO2 from the flue gas is absorbed by the MEA solution, and (b) the 

regenerator, where steam from the coal plant heat cycle is used to remove CO2 from the 

CO2 rich amine solution [4]. However, the use of steam from the plant’s heat cycle 

during regeneration of sorbent results in significant loss of net plant efficiency [4] [3]. A 

review of current literature, suggests a CCS energy penalty range of 20-40 % on the net 

power output [3] [5]. Of that energy penalty, about 90% is due to sorbent regeneration 

and CO2 compression; approximately 55% of the CCS energy penalty occurs due to 

sorbent regeneration and 35% is due to compression of captured CO2 for transfer to 

sequestration sites [4].  

1.2 Flexible Operation of Post-Combustion Amine-based Carbon 
Capture and Storage Units in Power Plants  

The loss of revenue due to the reduced electricity output from operation of CCS 

could be reduced by enabling amine storage or allowing partial capture of CO2 during 

high electricity prices [6]. Both amine storage and partial capture configurations allow 
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coal plants to take advantage of price volatility in the electric power market. During 

high electricity price durations, depending upon the enforced limit on CO2 emissions 

and/or the CO2 tax, it may be more economical to either store the CO2 rich amine 

solution in tanks, or perform partial capture. CO2 from rich amine solution stored in the 

tank can be regenerated and compressed by running the stripper and compressor at an 

enhanced rate during low or negative electricity price periods [7] [8]. Adding amine 

storage to a post-combustion system allows the CCS system to postpone roughly 92% of 

its energy consumption, without emitting any additional CO2 to the atmosphere [4]. 

Another option is to perform partial capture of CO2. This involves bypassing all or part 

of the flue gas: i.e., only a fraction of the total flue gas generated enters the absorber of 

the CCS. As a result, less lean amine solution is required to capture CO2  and the energy 

penalty of the CCS unit is reduced in proportion to the fraction of flue gas released to 

the atmosphere [9] [6] . 

1.2.1 Role of Flexible CCS Operation in Renewable Power Integration 

Several studies ( [10] [11] [12] [13] [14] [15] [16] [17] ) for system wide power 

generation planning emphasize that sources of renewable power are not enough to 

decrease CO2 emissions in the system within the increasingly short time frame available 

to avoid permanent damage to the environment. Instead, CCS technologies can play a 

vital role in enabling rapid and significant reductions of CO2 emissions from the 
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electricity sector. Several studies project deep reductions in CO2 emissions if the right 

incentives –in the form of carbon prices or standards- motivate CCS implementation.  

For example, results from a power generation expansion model applied to the Chinese 

power grid [14] indicate a 33.3% reduction in CO2 emissions due to CCS operation by 

2030. Similarly, models of European power grids presented in [12] [13] [16] [17] indicates 

that inflexible CCS operation in conjunction with renewable power integration could 

lead to as much as 85% reduction in CO2 emissions by 2050 but this would require CO2 

taxes in the range of 50-80 Euros/ton depending upon the amount of low-carbon 

renewable power incorporated into the system. Similar studies in the US [11] [17] also 

conclude that inflexible operation of coal plants with CCS retrofits become economical 

only when carbon taxes are in place. Results in [2] indicate a required CO2 tax value of 

100$/ton for units with CCS retrofits to be dispatched at 60-75% load levels. 

Flexible operation of CCS ( [6] [4] [7] [9] [10] [18] [15] [19] ) units has been 

proposed to offset the high costs associated with its operation, and to lessen the need for 

high CO2 taxes that would be required to make its operation economically feasible. An 

initial technical analysis of flexible operation of post-combustion amine based CCS [20]- 

performed using the chemical optimization software ASPEN- shows that the ramp rate 

of a flexible CCS power plant can be enhanced by delaying solvent regeneration and, a 

90% capture rate can be maintained over a wide range of load levels, thereby making 



 

5 

 

flexible CCS a possible source of ancillary services. System wide analysis of flexible CCS 

operation in an economic dispatch model of power grids in ERCOT and Great Britain 

(GB) is presented in [10]. Results demonstrate that in ERCOT, CO2 taxes in the range of 

20-25 USD/ton of CO2 is required to allow coal-fired facilities with CCS units to recover 

their marginal generation costs. Since the cost of coal is higher in the UK, a higher CO2 

tax value of ~30 USD/tCO2 is required for corresponding coal plants with CCS to recover 

corresponding marginal generation costs. This analysis only considers the marginal cost 

of operation of the CCS units and does not take into consideration capital and fixed costs 

of installing the CCS unit.   

1.3 Scope of Implementation in the US 

As of March 2016, 29 states, Washington DC and 2 territories in the country have 

Renewable Portfolio Standards (RPS), while 8 states and 2 territories have RPS goals [21]. 

A significant portion of this new generation capacity to satisfy the RPS standards could 

come from wind power which has a vast potential of 10,500 GW at an elevation of 80 

meters, and 12,000 GW at an elevation of 100 meters [22]. Given these estimates and 

comparatively low costs of wind power, it is expected that a number of states may 

choose to meet RPS goals by developing both local and distant wind resources 

depending on power transmission capacity and siting constraints [23]. 
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Thus, a hybrid system that couples the operation of wind farms and coal plants 

retrofitted with CCS that are either located close to each other or at locations separated 

by large distances could be of significant interest in the US, where reducing CO2 

emissions from fossil fired plants and increasing renewable power generation are 

important policy goals [24] [25]. While it is expected that the combined impact of more 

stringent air emissions regulations for coal-fired power plants, and low natural gas 

prices will force the retirement of inefficient plants, current EIA projections indicate that 

coal-fired electric power generation capacity will continue to contribute significantly to 

the US electric power sector: in 2040, ~22% of total installed power generation capacity is 

expected to come from coal units [26] .  

 

Figure 1: Location of existing coal plants in the US suitable for CCS retrofits  
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Figure 1 was generated using the Matlab software, based on information from 

the eGrid database [27]. It indicates the locations of all existing coal plants suitable for 

CCS retrofit (the criteria for selection was that the coal plant should have a rated 

nameplate capacity of 350 MW or greater and be less than or equal to 35 years of age by 

year 2014; the same set of conditions used by the International Energy Agency to 

identify coal plants suitable for CCS retrofit [28]). The size of the dot indicates the 

relative size (nameplate capacity) of the power plant. A study of the eGrid database [27] 

[29] further indicates that in the US, 20% of the total annual generation is supplied by 

these coal plants and they account for roughly 35% of the total CO2 emissions from the 

US electricity sector. Thus, there is indeed a sizeable percentage of coal-plants in the US 

that could be retrofitted with CCS resulting in significant reduction in CO2 emissions 

from the electricity sector. 

The hybrid system provides an added advantage by providing flexibility to 

reduce or increase the power that flows from the wind farm and coal plant to the grid, 

via optimization of operation of the two types of power plants. The CCS system 

operation provides a form of ‘storage’ for wind power by optimizing the operation of 

the units within physical constraints of the system. Such a hybrid system would also 

reduce the variability of the wind power output, thereby substantially mitigating the 

need for adjustments in the overall flexibility of the power system where it operates. 
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1.4 Overview of Analysis Performed  

The analysis performed in this thesis may be sub-divided into two main 

components depending on the perspective taken. A first approach looks at optimizing 

the design of the hybrid system to maximize its profits when it operates in an organized 

electricity market.  The second type of analysis looks at the public economic, reliability 

and environmental benefits that can be achieved when a hybrid system operates in a 

market and is optimally dispatched by the system operator according to a Unit 

Commitment / Economic Dispatch [30] algorithm  

1.4.1 Analysis from the Power Plant Owner’s Perspective 

From the perspective of the private stakeholder (utility owners, independent 

power producers, investors), the primary objective is to maximize the profits made by 

the hybrid system. It is assumed that the hybrid system participates in an electricity 

market, and there is a variation in electricity prices over time so that there is a benefit in 

shifting the CCS energy penalty to more convenient times by implementing flexible CCS 

operations. This part of the analysis identifies the optimal operating strategy of a hybrid 

system consisting of a coal plant retrofitted with a flexible post-combustion-amine based 

Carbon Capture & Storage (CCS) system, and a co-located wind farm. Two separate 

technologies for flexible operation of the CCS unit: partial capture and amine storage 

technology have been modeled and analyzed. The coal-wind hybrid system is found to 
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reduce both the costs of integration of wind power to the grid and the loss of revenue 

from reduced electricity sales -due to the CCS energy penalty- by shifting the CCS 

operation to low electricity price durations or when the wind power generated exceeds 

the capacity of the transmission lines connecting the hybrid system to the grid.  A linear 

optimization model is developed and used to determine the optimal component sizes 

and operation schedule for the hybrid system. Using prices and wind data from the PJM 

interconnect in the eastern region of the US, the percentage of wind power integrated 

into the system, profits, Cost of CO2 Capture (CoC), and Levelized Cost of Electricity 

(LCOE) of the hybrid system are calculated, with and without constraints on the 

variability of the net power output, for different levels of variability of electricity prices 

and wind speeds in the region. A study of the sensitivity of the CoC values and percent 

wind power integrated to values of cost estimates, availability of Production Tax Credits 

(PTC) for the wind farm, and estimates of value of CCS Energy Penalty is also 

performed. 

1.4.2 Analysis from the Power System Operator’s Perspective 

The power system operator’s objective, on the other hand, is to ensure the least-

cost, reliable supply of electricity.  This is the same perspective of the electric power 

consumers, and it is also the perspective of policy makers looking at providing the best 

electricity service, affordable, reliable and clean.  Ensuring system reliability under high 
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penetration or variable energy resources such as wind, requires a cost-efficient dispatch 

of fast-ramping units to buffer net load variations and cannot be accomplished if 

transparent pricing mechanisms aren’t available to compensate flexible generators for 

the important service they provide.  Hence, this analysis simulates the operation of a 

power system assuming a perfectly competitive market, where generating units are 

dispatched according to their marginal cost, as dictated by the solution of a cost 

minimization model, known as a Unit Commitment – Economic Dispatch (UC-ED) 

model [30] [31]. In particular, this analysis involves an exploration of the benefits of 

inclusion of coal plants with flexible CCS retrofits to the existing grid in terms of being 

able to provide low-cost ramp capability -to offset variability and uncertainty of wind 

power- and to provide other ancillary services –such as reserves- to the power system.  

In power systems with high levels of variable energy resources –wind and solar-, 

satisfying electrical load at any given time is more challenging due to the variability and 

uncertainty of available intermittent power. To cope with increased generation from 

wind and solar, system operators need to ensure there is increased ramp capability from 

the conventional generators within the system.  

The ramp capability of a generator at a given time is dependent on both its 

physical capacity to increase and decrease power output per unit of time, and on its 

dispatch status. A fast-ramping generator will not have up-ramp capability if it is 
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dispatched at its name-plate capacity, and similarly it will not have any down-ramp 

capability if it is dispatched at its required minimum power-output level, and is unable 

to shut-down within the time frame.  At the system level, ramp-capability is defined as 

the ability of the power system to offset variations in net load. Ramp capability shortage 

in the system may lead to last minute changes of scheduled dispatch of resources and 

may result in an increase in market clearing prices, lower system reliability and 

additional out of market payments to compensate generators for unscheduled dispatch 

[32] [33] [34] [35]. 

The Mid-continental and California Independent System Operators [29] [36] have 

been exploring alternatives to their market design such as the introduction of ramp 

capability pricing (e.g. the creation of ramp capability products in a ‘flexi-ramp’ market 

in MISO) to ensure cost-effective integration of renewables through the provision of 

enough ramping capability in the power system. This section explores additional 

benefits brought into the system when the hybrid system participates in market with 

flexible-ramp capability products.  The benefits are estimated in terms of total system 

cost, electricity prices, change in out-of-market payments to compensate for emergency 

procurement of electric power, reliability and energy scarcity events, as well as changes 

in system-wide CO2 emissions. 
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1.5 Objectives and Key Contributions 

Plant level analyses of wind-coal hybrid systems containing CCS retrofits have 

been previously presented in [8] [37] [38]. An analysis of the performance of a hybrid 

system consisting of a coal gasification plant with CCS, a syngas storage facility, and a 

wind farm which achieves a $2.5/MWh reduction in levelized costs compared to an 

advanced coal-wind non-hybrid system (i.e. component units operate independently in 

the non-hybrid configuration) has been presented in [37]. The benefits of the hybrid 

system operation are found to be due to lower wind-power integration costs, lower 

resource adequacy costs, and reduced costs of building transmission lines than in the 

non-hybrid system. Similarly, a study of wind-coal hybrid system for CCS equipped 

with amine storage has been presented in [8]. A relative increase of approximately 20% 

in profits is obtained when the hybrid system operation is optimally planned, than when 

it is based on heuristics, assuming perfect foresight.  

The key objectives and contributions of the first two chapters of the thesis may be 

summarized as follows: 

(a) Different from the above mentioned publications that do not select the sizes of the 

hybrid system components, nor consider capital costs, the analysis in this thesis presents 

a framework to determine the optimal size of the hybrid system components based on 

forecasts of electricity prices, availability of wind resources in the region, and 
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installation and O&M costs of CCS retrofits and wind farms. This would enable the 

stakeholder to make informed decisions regarding the technical and economic feasibility 

of installation of flexible CCS retrofits and co-located wind farms  for a given coal plant. 

It would also provide valuable information to policy makers on the potential of this 

technology and the need to create incentives for its consideration as a strategy to reduce 

CO2 emissions from the power sector. 

(b) The plant-level analysis in this thesis also performs a detailed sensitivity analysis on 

the optimum size and economic benefit of the hybrid system with respect to changes in 

capital costs, allowed power output variations of generating units, constraints on CO2 

emissions constraints, variability of wind power, and electricity prices.  In this way it 

identifies the conditions that would enable successful operation of the hybrid system 

within a power grid. 

The third chapter: an assessment of the introduction of flexible CCS to the power 

system, uses techniques similar to those of [10] [18], and develops a Unit Commitment – 

Economic Dispatch (UC-ED) model with ramp capability pricing based on the models 

presented in [36].  

The key objectives and contributions of the third chapter of the thesis may be 

summarized as follows: 
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(a) Quantification of the economic, environmental and reliability outcomes of flexible 

CCS operation with and without a co-located wind farm, to identify the primary benefits 

of dispatching the hybrid units, from the view of the power system operator 

(b) Identification of the effects of ramp capability pricing on the economic, reliability and 

environmental outcomes of a power system when fast ramping hybrid units make a 

sizable part of the power generation mix.  

(c) Comparison (from the point of view of the system operator, consumers, and policy 

makers) of the cost-effectiveness of hybrid systems reducing CO2 emissions relative to 

other emission reduction strategies (such as replacement of coal plants with new NGCC 

plants, use of solar technology etc.), in order to assess the relative merits of the hybrid 

system technology with respect to other pathways to low-carbon electricity generation.  
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2. An Alternate Wind Power Integration Mechanism: Coal 
Plants with Flexible Amine-based CCS 

This chapter was published in Renewable Energy in 2016, and is reprinted with 

permission. The document is available at http://dx.doi.org/10.1016/j.renene.2015.07.025 .  

Cite as: Bandyopadhyay, R. and Patiño-Echeverri, D. ‘An alternate wind power integration 

mechanism: coal plants with flexible amine-based CCS’. Renewable Energy 2016; Vol. 85, pp. 

704-713. The Supporting Information (SI) of this paper is available in Appendix A of this 

dissertation. 

2.1 Abstract 

 This paper explores a solution to problems associated with two promising 

technologies for decarbonizing the electricity generation system: high costs of energy 

penalty of carbon capture and storage, and the intermittency and non-dispatchability of 

wind power. It looks at the optimal design and operating strategy of a hybrid system 

consisting of a coal plant retrofitted with a post-combustion amine-based Carbon 

Capture & Storage (CCS) system equipped with the option to perform partial CO2 

capture, and a co-located wind farm. A linear optimization model determines the 

optimal component sizes for the hybrid system and capture rates while meeting 

constraints on annual average emission targets of CO2, and variability of the combined 

power output. Economic benefits result from capturing less CO2 during high electricity 

http://dx.doi.org/10.1016/j.renene.2015.07.025
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price time periods and capturing more CO2 during times of relatively low electricity 

prices or times when integrating wind power output would exceed the transmission 

capacity of the connector lines.  The hybrid system has Levelized Cost of Electricity 

(LCOE) and Cost of Carbon Capture (CoC) comparable to those of a new Natural Gas 

Combined Cycle Power Plant (NGCC), and provides a mechanism for muting the 

variability of wind power in the same way an energy storage system would. 

2.2 Introduction 

Wind power and Carbon Capture & Storage (CCS) are two of the most promising 

technologies to reduce CO2 emissions from the electricity generation industry.  The vital 

role of CCS for achieving significant reductions in CO2 emissions is highlighted in 

multiple publications examining pathways for de-carbonization of the electricity sector. 

For example, [39] estimates that CCS retrofits in 90% of the fossil-fired power plants, 

together with an addition of solar photo-voltaic power representing 10% of the energy 

mix, would result in a reduction of up to 80% of annual CO2 emissions in Saudi Arabia 

by 2025. Similar studies in China [14], and the US [17] emphasize the need to facilitate 

the use of CCS technologies to reach their respective CO2 emission reduction goals. Of 

the different kinds of CCS technology available, post-combustion amine based CCS is 

the best developed and most likely to be used for retrofitting an existing coal plant [3] 

[40]. However, the use of steam from the plant’s heat cycle during regeneration of 
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sorbent results in significant loss of net plant efficiency [40] and a reduction of 20-40% in 

net power output [41] [5]. The loss of revenue due to the energy penalty from operation 

of CCS could be reduced by performing partial capture of CO2 during times of high 

electricity prices[8][9]. Integrating a CCS retrofitted coal plant with an on-site wind farm 

would take advantage of the remaining transmission capacity in the connector lines that 

results from the reduction in coal plant power output, and would allow using wind 

power (whenever available) to compensate for the energy penalty associated with CCS. 

Stand-alone wind farms are a source of intermittent supply of electricity which affects 

the reliability and reserve requirements of the power system. By providing flexibility to 

balance the wind power availability, the CCS system provides a form of ‘storage’ for 

wind power. 

This system could be of significant interest in the U.S. where reducing CO2 

emissions from coal fired plants is an important policy goal [42] [43] [44] [45]. Although 

it is expected that the combined impact of more stringent air emissions regulations for 

coal-fired power plants and low natural gas prices will force the retirement of inefficient 

coal plants, roughly 37% of total electric power in the US is expected to be generated 

from coal-plants during the next 20 years [46]. Also, given availability and 

comparatively low costs of wind power, it is expected that a number of states may 

choose to meet Renewable Portfolio Standard (RPS) goals by developing both local and 
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distant wind resources depending on power transmission capacity and siting constraints 

[21] [22] [23].  

Previous literature indicates the positive effects that enabling flexible operation 

of CCS equipment would have in facilitating wind power integration. Our work 

studying a hybrid system with flexible operation of the CCS unit through amine storage 

technology [7], indicates that for electricity prices justifying investments in amine 

storage, the hybrid system enables considerable quantities of wind power integration 

(within the range of 18-32% of the system nameplate capacity) and a significant increase 

in profits and decrease in LCOE and CoC, relative to a CCS retrofitted coal plant 

operating continuously [18]. Similarly, an investigation of the operating regimes of CCS 

power plants in future generation portfolios with significant wind power generation in 

Great Britain demonstrates the importance of optimally scheduling the on/off operation 

of CCS units for increased profits and wind power integration [47] . In [48] it is 

demonstrated that flexible operation of CCS yields higher profits than operation of CCS 

strictly with or without carbon capture (i.e. continuous flexible operation rather than 0/1 

mode of operation). A recent technical analysis of flexible post-combustion CCS 

operation with solvent storage using Aspen software [18] concludes that flexible 

operations do not affect the unit’s ability to maintain a 90% CO2 capture rate at varying 

power output levels, and the ramp rate of a flexible CCS power plant could be enhanced 
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by delaying solvent regeneration. Current literature [49] [50] [51] [52] [53] [37] [54] 

demonstrates that in addition to reducing the costs associated to the CCS’ energy 

penalty, enabling flexible capture also increases the range of operation of the power 

plants (by reducing the minimum power output required to keep the plant online), and 

hence, flexible CCS may be optimally dispatched to meet peak power demand, provide 

ancillary services, obtain higher profits, and offset the intermittent nature of renewable 

sources of power such as wind and solar.  

Venting or partial capture CCS operation of retrofitted plants is always at least as 

profitable as continuous-operation of CCS. Retrofitted plants are better candidates for 

flexible capture than new coal plants because no additional investment is necessary to 

enable bypassing the CCS system in a retrofitted coal plant, while new coal plants with 

CCS require an additional larger capacity low pressure turbine to facilitate use of 

additional steam, when bypassing the capture unit. For a retrofitted plant, [6]  reported a 

reduction in cost of capture of 1-8 cents/ton of CO2 captured for 1 hour of bypass of the 

CCS unit every week, and up to 58 cents/ton of captured CO2 for 24 hours of bypass 

every week. Case study results [6] indicate a threshold price differential of 33-54 $/MWh 

for the retrofitted coal plant to make a profit by using a CCS system bypass. [53] 

demonstrates that optimizing the capture rates leads to higher profits for the flexible 

CCS System by up to 10% for a CCS unit with the option to perform bypass compared to 
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the inflexible CCS unit, and a 9-29% increase in profits for a CCS system with both 

bypass and storage for carbon prices beyond 50$/ton. [37] presents an analysis of a 

hybrid system consisting of a coal gasification plant with a CCS unit operating at a 

constant capture rate, a syngas storage facility, and a wind farm, which achieves a 

$2.5/MWh reduction in levelized costs compared to an advanced coal-wind non-hybrid 

system (i.e. operating independently). The higher LCOE for the non-hybrid system is 

due to higher wind-power integration costs, higher resource adequacy costs, and 

increased costs of building transmission lines. [8] studied a wind-coal hybrid system for 

CCS equipped with amine storage and estimated a relative increase in profits of about 

20% for optimized operation of the hybrid system when compared to heuristic based 

operation, under the assumption of perfect foresight. Another hybrid system including 

coal gasification hydrogen production with CCS, underground storage of hydrogen, and 

independent gas turbine power generation to buffer the variability of wind was 

analyzed in [38]. Results show that cost of capture is reduced by 40% relative to 

inflexible CCS in coal-fired plant.  

In contrast to [8] and [37], this paper has three primary aims: (a) to identify the 

optimum component sizes as well as the optimal operation schedule (variable capture 

rates) of the hybrid system, (b) to quantify the reduction in cost of capture of CO2 for the 

hybrid system compared to a continuous operation CCS unit, and (c) to analyze the 
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effects of capital costs, restrictions on power output variations of generating units, CO2 

emissions constraints, wind power variability, and electricity prices variability on the 

optimum size and economic benefit of  the hybrid system. In addition, rather than 

assuming arbitrary values of potential CO2 tax levels we estimate the Cost of CO2 

Capture (CoC) and Levelized Cost of Electricity (LCOE) for the corresponding hybrid 

system. These metrics are used as a basis for comparison of different configurations and 

as a way to assess the economic value of the hybrid system relative to other CO2 

emission reduction strategies (such as replacing existing coal plants with natural-gas 

fired power plants). 

2.3 Materials and methods  

A linear optimization model finds the optimum installed capacity of the new 

wind farm and the optimum schedule of partial capture operation of CCS in order to 

maximize profits over a given planning horizon. Please refer to SI for a full list of 

variable definitions.  

2.3.1 Data 

We analyze a hybrid system consisting of an existing sub-critical coal plant with 

specifications similar to the Powerton Plant in Illinois (eGrid [27]) with a CCS retrofit, 

and an optimally sized co-located wind farm. Data for CCS energy penalty, capital costs 

and O&M costs of the coal plant were estimated by representing a similar plant in IECM 
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[5], and by assuming a CCS system with a maximum capture rate of 90%. Capital costs 

and Annual Operating Expenses (AOE) of wind farms were obtained from [55].  Wind 

power data was simulated with SynTiSe (see SI Section I): an application that uses 

Markov Chain Monte Carlo models [56] to obtain long-term synthetic time series of 

wind power output. Input data for SynTiSe came from the EWITS database [57]. The 

expected lifespan of the hybrid system is assumed to be 20 years, the same as that of an 

onshore wind farm [55]. Coal costs were obtained from [58] (See SI Section II for details). 

Information about coal plant ramp-rate and minimum generation requirements was 

obtained from [59]. Data on electricity prices comes from historical time series of hourly 

Locational Marginal Prices (LMP) from multiple hubs in PJM [60].  

2.3.2 Assumptions 

The optimization model determines the optimal CO2 capture rate for every 10 

minute time periods in the planning horizon. This time resolution is necessary to 

adequately represent the advantages of the hybrid system smoothing out the potential 

high variability of wind power output during short time durations, and to obtain the 

corresponding optimum wind farm size. To ensure tractability of the optimization 

problem, we set the planning horizon as one year and applied the necessary adjustment 

to capital and fixed costs for cost of capture and LCOE calculations. Since the historic 

electricity price data from PJM [60] is given as an hourly time series, we assume the 
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same LMP values correspond to the prices in the six 10-min sub periods within an hour. 

The use of varying LMP values corresponding to each 10 minute time period in an hour 

could lead to greater opportunities of price arbitrage depending upon the extent of 10-

minute variability (measured in term of standard deviation, price differentials etc.) 

compared to hourly variability. We assume operators can choose to set the percentage of 

CO2 capture from the flue gas anywhere between 20% and 90% (see SI section III). It is 

assumed that no additional transmission lines are installed to connect the wind farm to 

the grid and that instead the system uses the spare transmission capacity of the existing 

transmission lines that results from the power output reduction from CCS operation. 

2.3.3 Formulation of Linear Optimization Model 

Operating the CCS system at partial capture or partial load involves bypassing 

part of the flue gas so that only a fraction of the total flue gas generated enters the CCS 

absorber. As a result, a less lean amine solution is required to capture CO2, which allows 

for lower sorbent regeneration. Thus there is a reduction in the overall energy penalty of 

the CCS unit [61] [62].  

The decision variables for the optimization model are: 

Ow,t - the average dispatched wind power (MW) in every time period t 

Oc,t - the average power generated by the coal plant (MW) in every time period  

including heat energy (in equivalent MW) being used for regeneration of CO2-rich amine 
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OW
max  - the installed capacity of the onsite wind farm (MW)  

xt - the fraction of CO2 capture relative to maximum capture by system design at time 

period t (i.e. xt = 1 means that at time period t, the system is capturing at its maximum 

capacity).  

The CCS energy penalty is reduced in proportion to the fraction of CO2 

remaining in the flue gas being released to the atmosphere [62] [61].  

The parameters used as input to the model are: 

LMPt  - the average Locational Marginal Price at time period t ($/MWh) 

Cfuel,t - fuel (i.e. coal) cost ($/MWh) at time period t 

CCwind - Overnight Capital Cost of the onsite wind farm per MW of installed capacity 

($/MW) 

AOEwind - Annual Fixed Operating Expenses of the wind farm ($/MW/yr) years - number 

of years in the planning horizon 

T- Total number of time periods in the planning horizon 

VOMCCS - Variable O&M Cost of CCS per unit capture of CO2 per unit time period ($) 

E0 - energy penalty associated with CCS operation at 90% CO2 capture level for one time 

period (MW) 

O&Mcoal
variable – Variable O&M cost of coal plant apart from fuel costs ($/MWh) 
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The objective of this linear optimization model is to maximize the profits (Ω) of 

the hybrid system over the planning horizon T:  

max
t c,t w,t wx ,o ,o ,o

    max Ω

                                                                                                        (1) 

Where the profit Ω is calculated by taking the sum of the revenue from electricity 

dispatched from the wind and coal unit in the hybrid system and the Production Tax 

Credit (PTC) earned by the wind farm and subtracting the fuel costs and the fixed and 

variable capital and O&M costs of the coal plant and the wind farm,   

 Ω = ∑  [{Ow,t + Oc,t − xt ∗ E0}LMPt − Oc,t ∗ (Cfuel +  O&Mcoal
variable) + PTC ∗ Ow,t −T

t=1

                       VOMCCS ∗ xt] − CCwind ∗ OW
max −  AOE ∗ OW

max ∗ years                                 (2)                                                                         

                                                                                     

This optimization is subject to constraints that reflect physical limitations on the 

operation of the coal plant, the wind farm site, and the CCS system, as well as policy and 

power system operating requirements described in section 2.2. (See SI section IV for list 

of constraints).  

Operation and maintenance costs of the coal plant are incurred irrespective of 

whether or not partial capture is performed. Hence they are not included in the objective 

function. The capital costs of the CCS system, SO2, NOx, and particulate matter control 

devices are also excluded from the objective function. This is because irrespective of the 

optimum percentage of CO2 capture at any time period (allowed to vary between 90% 
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and 20%), a CCS system capable of capturing 90% of CO2 from flue gases requires 

proportionately sized SO2 and NOx control devices to be installed in order to adhere to 

CSAPR [63], MATS [64] and CAIR [65] requirements.    

The performance of the hybrid system is measured in terms of two commonly 

used measures of performance for new generation resources aimed at reducing CO2 

emissions: Cost of CO2 Capture (CoC) and the Levelized Cost of Electricity (LCOE). 

These metrics are calculated in a similar fashion to [66] [67] [68] and are given by 

equations (3) and (4): 

Cost of CO2 Capture ($/ton)  

=
LCOEHybrid System−LCOECoal Plant without CCS Retrofit

CO2EmissionsCoal Plant without CCS Retrofit−CO2EmissionsHybrid System
                      (3) 

                                 

The Levelized Cost of Electricity ($/MWh) is calculated as the ratio of 1) the 

annualized fixed and variable capital and O&M costs and the loss of revenue due to CCS 

operation and 2) the net annual power dispatched by the hybrid system. This is 

expressed as: 

LCOE =
CCwind∗OW

max+AOE∗OW
max∗years +CCCCS+FOMCCS+∑ VOMCCS∗xt

T
t=1 +LoRCCS+O&MCoal

∑ [Oc,t+Ow,t−xt∗E̅]T
t=1

  

                              (4) 

Where, 
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CCCCS  = Capital Cost of CCS unit ($) * 

LCOE = Levelized Cost of Electricity ($/MWh) 

FOMCCS  = Fixed O&M Cost of the CCS unit ($) 

O&MCoal  = O&M Cost of the coal plant including fuel costs ($) 

CO2Emission Rate  = CO2 emission rate of the coal plant if it were not retrofitted with 

CCS (tons/MWh) 

LoRCCS  = Loss of revenue due to reduced electricity sales that  result from a 

reduction in power output equal to the energy penalty associated 

with CCS operation ($) 

*Since building the hybrid system involves retrofitting an existing plant with CCS the 

capital costs of the original plant are not part of the Levelized Cost. 

2.4 Results 

2.4.1 Base Case Analysis 

Table 1 compares the LCOE, CoC, and annual revenue of seven configurations 

that meet an average CO2 annual emission cap of 1000 lb/MWh under different scenarios 

that vary in their restrictions on maximum variability of net power output and 

maximum allowed size of wind farm. Table 2 repeats the analysis assuming an average 

CO2 annual emission cap of 300 lb/MWh.  
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In Table 1, under a BAU scenario that requires a constant power output and 

forbids the installation of a wind farm, there are two viable configurations.  One 

configuration (BAU I) consists of a retrofitted coal plant with a CCS system capable of 

removing 49% of CO2 emissions.  Operating continuously at full capacity this plant 

would reach an annual CO2 emissions rate of 1000 lb/MWh with associated CoC and 

LCOE of 61.9 $/ton and 89.3 $/MWh (see SI section V for details). A second possible 

configuration (BAU II) would consist of a retrofitted plant able to achieve 90% capture 

but operating continuously at a partial capacity to achieve the 1000 lb/MWh target. In 

this case the CoC and LCOE would be 69.8 $/ton and 95 $/MWh due to higher capital 

costs of the CCS retrofit. The specific effects that different assumptions on requirements 

(scenarios 1-6) have on profitability of the hybrid system are discussed below. 

Economic benefits of flexible operation vs continuous operation: 

A comparison of scenario 1 with the BAU II scenario, and scenario 7 with 

scenario 8 indicate lower CoCs, lower LCOEs and higher profits (indicated by higher 

values of Ω) from flexible operation of CCS (as opposed to continuous operation CCS). 

The difference in costs quantifies the benefit from electricity price arbitrage. 

Effects of constraint on power output variation on LCOE and CoC:   

The LCOE of the wind farm alone is about 72 $/MWh (not considering the 

interconnection costs and integration costs), while the variable costs (including fuel 
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expenses) of the coal plant retrofitted with flexible operation CCS is about 83.6 $/MWh 

for a maximum capture rate of 90% when maintaining an annual CO2 emission cap of 

1000 lb/MWh.  

This implies that lower costs are incurred by the hybrid system if it harvests as 

much wind power as possible within physical constraints of the system, provided the 

intermittent nature of the wind power is accounted for.  

Table 1: Performance of the hybrid system considering 10 minute wind power 

variations for an emission cap of 1000 lb/MWh 

Scenario Assumptions Results 

Maximum 

Annual 

Average 

CO2 

Emissions 

Allowed 

(lbs/MWh) 

Allowed 

Variability 

of Power 

Output (in 

MW/hr 

and as % of 

nameplate 

capacity of 

the hybrid 

system) 

Maximum 

Size of 

Wind 

Farm 

Allowed 

Nameplate 

Capacity of 

Hybrid 

System 

(MW) = 

Coal Plant 

Nameplate 

Capacity + 

Optimum 

Size of 

Wind Farm 

Optimum 

Size of 

Wind Farm 

(in MW 

and as 

Percentage 

of 

Nameplate 

Capacity of 

the Hybrid 

System) 

Cost of 

CO2 

Capture 

($/ton) 

for the 

Overall 

Hybrid 

System 

Average 

CO2 

Emission 

(lbs/MWh) 

Levelized 

Cost of 

Electricity 

($/MWh) 

not 

accounting 

for Capital 

Cost of 

Coal Plant 

The Value of 

Ω* ($/yr) 

The Value 

of Ω ($/yr) 

BAU I# 

1000 

No 

variability 

allowed, 

CCS must 

operate at a 

constant 

rate 

0 1786.5 

No wind 

farm 

installed 

for these 

scenarios 

61.9 1000 89.3 -108,064,155 218,114,155 

BAU II## 69.8 1000 95.0 -36,814,155 218,114,155 

1 
No upper 

limit 
59.2 1000 87.4 -81,273,019 262,573,019 

2 

178.5 

MW/hr or 

10% 

(approx.) of 

nameplate 

capacity 

62.7 950 89.9 -76,119,418 257,419,418 

3 
No upper 

limit 

No upper 

limit 

2262.1 

475.6 MW 

or 21% of 

nameplate 

capacity 

59.8 1000 89.3 -81,567,213 262,867,213 

4 

500 MW/hr 

or 26% of 

nameplate 

capacity 

1904.26 

117.76 MW 

or 6% of 

nameplate 

capacity 

56.1 1000 85.2 -80,591,903 261,891,903 

5 

178.5 

MW/hr or 

9% 

(approx.) of 

nameplate 

capacity 

1895.58 

109.08 MW 

or 6% of 

nameplate 

capacity 

60.5 1000 88.3 -76,254,768 257,554,768 

6 0 MW/hr 1876.4 89.9 MW or 62.8 1000 90.0 -36,857,719 218,157,719 
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5% of 

nameplate 

capacity 

#BAU I: CCS unit capable of capturing 49% of total CO2 emissions. CCS must operate continuously to achieve a CO2 emission rate of 1000 lb/MWh 
#BAU II: CCS unit capable of capturing 90% of CO2 emissions. If CCS operated continuously CO2 emissions would be ~200 lb/MWh 

Ω* = Ω – Annualized Fixed O&M Cost of CCS – Annualized Capital Cost of CCS 

 

The intermittency of wind power can be remedied with two methods: by 

ramping up and down the coal plant power output within physical limits, or by 

allowing the net hybrid system output to vary.  Allowing the net output of the hybrid 

system to vary instead of forcing it to act as a base-load plant reduces LCOE and CoC 

because it facilitates price arbitrage through partial capture, while providing greater 

flexibility of operation for the co-located wind farm.   

Table 2 : Performance of the hybrid system considering 10 minute wind power 

variations for an emission cap of 300 lb/MWh 

Scenario                             Assumptions Results 

Maximum 

Annual 

Average 

CO2 

Emissions 

Allowed 

(lbs/MWh) 

Allowed 

Variability 

of Power 

Output (in 

MW/hr 

and as % 

of 

nameplate 

capacity of 

the hybrid 

system) 

Maximum 

Size of 

Wind 

Farm 

Allowed 

Nameplate 

Capacity of 

Hybrid 

System 

(MW) = 

Coal Plant 

Nameplate 

Capacity + 

Optimum 

Size of 

Wind Farm 

Optimum 

Size of 

Wind Farm 

(in MW 

and as 

Percentage 

of 

Nameplate 

Capacity of 

the Hybrid 

System) 

Cost of 

CO2 

Capture 

($/ton) 

for the 

Overall 

Hybrid 

System 

Average 

CO2 

Emission 

(lbs/MWh) 

Levelized 

Cost of 

Electricity 

($/MWh) 

not 

accounting 

for Capital 

Cost of 

Coal Plant 

The Value of 

Ω* ($/yr) 

The Value 

of Ω ($/yr) 

7 (BAU, 

300 

lb/MWh 

CO2 

Emission 

Cap) 

300 

CCS 

operates at 

a constant 

capture 

rate so 

variability 

is 0 by 

definition 0 1786.5 

No wind 

farm 

installed 

for these 

scenarios 

58.8 300 107.6 -403,194,490 140,980,510 

8 No Cap 54.4 300 103.0 -20,228,958 161,071,041 

9 

178.5 

MW/hr or 

10% 

(approx.) of 

nameplate 

capacity 

58.1 300 106.9 -23,666,632 157,633,368 

10 

 

No upper 

limit 

N

No upper 

limit 

2306.5 

519.65 MW 

or 23% of 

nameplate 

capacity 

53.6 279 102.7 -19,472,977 161,827,023 

11 500 MW/hr 1998.09 211.59 MW 54.9 294 103.6 -20,266,324 161,033,676 
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or 25% of 

nameplate 

capacity 

or 11% of 

nameplate 

capacity 

12 

178.5 

MW/hr or 

9% 

(approx.) of 

nameplate 

capacity 

1893.68 

107.18 MW 

or 6% of 

nameplate 

capacity 

57.8 299 106.6 -23,527,067 157,772,933 

13 0 MW/hr 1808.15 

21.65 MW 

or 1% of 

nameplate 

capacity 

52.1 299 100.6 -40,316,219 140,983,780 

Ω* = Ω – Annualized Fixed O&M Cost of CCS – Annualized Capital Cost of CCS 

 

A comparison of scenario 2 with scenario 1 in Table 1 demonstrates the relative 

decrease in revenue and subsequent increase in CoC and LCOE when the net power 

output of the hybrid system is constrained to vary within 10% of its nameplate capacity. 

This contrasts with scenario 1, in which there are no restrictions on the variability of 

power output and price arbitrage opportunities can be exploited. Scenarios 3, 4, 5 and 6 

are used to demonstrate the effect of gradual decrease in allowed variability of net 

output of the hybrid system. From Table 1, a decrease in allowed variability leads to 

reduced optimum size of the wind farm, a reduction in Ω, and consequently, an increase 

in CoC and LCOE. 

Effect of CO2 emissions limit on LCOE and Cost of Capture: 

The economic benefits of price arbitrage are reduced with a tighter emissions 

limit because a decrease in flexibility of CO2 capture rates implies fewer opportunities to 

generate more electricity and capture less CO2 during periods of high electricity prices.  

Due to price arbitrage opportunities, when the emissions limit is set at 1,000lbs/MWh, 
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the LCOE and cost of capture of the variable capture system (scenario 1) are 10.6 $/ton 

and 7.6 $/MWh lower than the CoC and LCOE of the continuous operating system 

(BAU), respectively.  But when the emissions cap is lowered to 300 lbs/MWh, the CoC 

and LCOE obtained with price arbitrage (scenario 8) is only 4.4 $/ton and 4.6 $/MWh 

lower than the continuous operation system (scenario 7). Note that while the LCOEs are 

lower and Ωs are higher in Table 1, the CoC is actually lower in Table 2 in comparison to 

analogous scenarios in Table 1 (as a result of increased variable costs of the CCS system 

to meet a tighter cap). This is because the relative increase in variable costs of CCS is 

lower than the relative increase in CO2 captured (i.e. the increase in the numerator of the 

CoC metric is much lower than the increase in the denominator) for a tighter emission 

cap of 300 lb/MWh when compared to an emission cap of 1000 lb/MWh. 

Effect of CO2 emissions limit and constraints on net output variation on optimal wind 

farm size 

Provided the net power output of the hybrid system is allowed to vary, a tighter 

emission cap results in a larger optimum size wind farm, since it is cheaper to reduce the 

net CO2 emission of the hybrid system by replacing the coal plant power output with 

variable wind power within the physical constraints of the system. This is demonstrated 

by scenarios 3 and 10, where scenario 10 has a larger optimal size of wind farm due to a 

tighter constraint on emissions. However, in cases which the power output of the hybrid 
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system is forced to remain constant at all times, the installed size of the wind farm may 

decrease rather than increase. This is because the average capture rate must be higher for 

a tighter emission cap. Since the net power output of the hybrid system must be held 

constant, the coal plant cannot rely as much on the intermittent source of wind power to 

compensate for reduced power output. So, instead of running the CCS unit at high 

capture rates during periods of low electricity prices and at low capture rates during 

times of high prices, the plant must maintain a more constant capture rate that oscillates 

around the average capture rate it would have had to maintain if it did not have partial 

capture capabilities. This almost constant capture rate of the CCS plant does not allow 

integrating time-variable wind power output, and makes a smaller wind farm optimal. 

(See effects of PTC in SI section VI) 

2.4.2 Quantifying the effects of variability in hourly prices and wind 
power output on the profitability of the hybrid system: An analysis of 
the hybrid system’s performance in the PJM interconnect 

Higher time variability of electricity prices improves the profitability of the 

hybrid system by increasing the revenues from price arbitrage. We characterize price 

variability using an Average Price Differential (APD) metric (see SI section VII).  

Calculations of APD for all PJM hubs using the hourly LMP time series[37] in year 2013 

point to Dominion Hub and AEP-General Hub as the hubs that offer highest and lowest 

opportunities for price arbitrage.  
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Similarly, the profitability of the hybrid system and its value as an enabler of 

wind integration is dependent on the wind power variability. We characterize wind 

power variability with a Mean Aggregated Ramp Magnitude As Percentage of Name Plate 

Capacity (MARMAP) metric: the average of the magnitude of all ramping events (defined 

as those instances when changes in wind power output during a 10 minute period 

exceed 162.4 MW, see SI section IX) expressed as a percentage of the nameplate capacity 

of the wind farm.  We estimated MARMAP for all the EWITS [27] wind-sites within the 

PJM region. For each PJM hub and potential wind MARMAP levels, we simulated 15 

instances of wind power output throughout the planning horizon, and found the 

optimal configuration and operation of the hybrid system using the model described in 

Section 2.  The 15 instances of wind power simulations corresponding to the same 

MARMAP value are considered for each scenario (i.e. under varying conditions on  

annual average CO2 limit, and APD values) to calculate the corresponding 15 

observations of CoC, LCOE, percent of wind power integrated and net annual average 

CO2 emissions. The box-plots in Figures 2-4 present the summary statistics of the 15 

simulations for each scenario. The small horizontal bar along each box in the box plots 

indicate the median value of the metric being plotted. The thin vertical lines represent 

the range of values obtained for that metric when using the 15 power output simulations 

corresponding to a given MARMAP level, while the thick lines represent the 25th and 75th 
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percentiles.  Please refer to SI section I for further details. Since current sample size is 

small (to maintain computational tractability) a confidence interval analysis was not 

attempted.  

 

 

Figure 2: Cost of CO2 capture for different levels of wind variability for two 

electricity price time series with high variability (Dominion Hub) and low variability 

(AEP-General Hub).  Panels on the left and right show results when CO2 emissions 

limits are 1000 lbs/MWh and 300 lb/MWh. 

 These experiments show the effect of different levels of MARMAP and electricity 

price time series on the CoC, LCOE, Optimum Wind Farm Size, and Annual Average 

CO2 emissions for two different CO2 emission limits. Figures 2 and 3 report the range of 

values of CoC and LCOEs of the hybrid system for the Dominion and AEP hubs at 

different levels of MARMAP for wind power. In 2013, the APD values were 7.049 $/hr 

and 10.06 $/hr for the AEP-General and Dominion hubs respectively. Figures 2 and 3 

Mean Aggregated Ramp Magnitude as Percentage of Wind Farm 

Name Plate Capacity (MARMAP) at 162.4 MW threshold 

 

Dominion Hub 

 

Dominion Hub 

 

AEP-General Hub  

 
AEP-General 

Hub  
 

Cost of Capture, 

BAU Case,  

300 lb/MWh  

CO2 Emission Cap 

Cost of Capture, BAU-I Case, 1000 lb/MWh  

CO2 emission cap 

1000 lb/MWh CO2 Emission Cap 

 

300 lb/MWh CO2 Emission Cap 

 



 

36 

 

show that higher values of APD result in lower costs of capture and LCOE (since higher 

variability leads to greater profits from price arbitrage).  In contrast, greater variability of 

wind resources (i.e. higher MARMAP) leads to higher CoC and LCOE. Figures 2, 3 and 4 

indicate that high variations of LMP time series coupled with low wind power 

variability lead to lower costs of capture and LCOE, and that higher optimum sizes of 

wind farms result in more time periods when wind power (with lower O&M costs) can 

replace coal-based electricity due to better price arbitrage opportunities and more 

reliable wind power resources. 

 

 

Figure 3: LCOE for different levels of wind variability for two electricity price 

time series with high variability (Dominion Hub) and low variability (AEP-General 

Hub).  Panels on the left and right show results when CO2 emissions limits are 1000 

lbs/MWh and 300 lbs/MWh. 

  Dominion Hub  

 

Dominion Hub  

 AEP-General 

Hub  

 

AEP-General Hub  

 

Mean Aggregated Ramp Magnitude as Percentage of Wind Farm Name Plate 

Capacity (MARMAP) at 162.4 MW threshold 
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CO2 Emission Cap  

LCOE, BAU Case, 300 lb/MWh CO2 Emission Cap 
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300 lb/MWh CO2 Emission Cap 
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 The combination of high LMP price differentials and low wind variability, 

however, is not a requirement for hybrid system profitability.  From Figure 2, a hybrid 

system in a node with low price differentials (equal or higher than those observed in 

AEP in 2013) would likely have a reduced cost of CO2 capture (relative to the BAU plant) 

if integrating a wind resource with relatively low variability (25% or less).   

From Figure 3, a hybrid system in any hub, would likely result in a reduced 

LCOE provided the wind resource variability did not exceed 50%.  

 

 

Figure 4: Optimum Wind Farm Size for different levels of wind variability for 

two electricity price time series with high variability (Dominion Hub) and low 

variability (AEP-General Hub).  Panels on the left and right show results when CO2 

emissions limits are 1000 lbs/MWh and 300 lb/MWh. 

     Dominion Hub  

 

Dominion Hub  

 

AEP-General 

Hub  

 

AEP-General Hub  

 

Mean Aggregated Ramp Magnitude as Percentage of Wind Farm 

Name Plate Capacity (MARMAP) at 162.4 MW threshold 

 1000 lb/MWh CO2 Emission Cap 

 
300 lb/MWh CO2 Emission Cap 
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An analysis of the EWITS dataset [57] indicates that 90% of all the wind-sites in 

EWITS have MARMAP (at a 162.4 MW threshold) less than or equal to 50%, and 88% of 

sites have a  MARMAP less than or equal to 25%.  

Figure 3 indicates that the effects of CO2 emission cap and MARMAP on 

optimum wind farm size is much more prominent than the effect of variations of the 

LMP time series. This is to be expected since lower limits on annual average CO2 

emissions lead to decreased flexibility of the hybrid system. A high degree of variability 

of wind power indicated by high values of MARMAP leads to fewer time periods when 

wind power may be used to compensate for CCS energy penalty, and hence leads to 

lower optimum sizes of wind farms. For the most part, the annual average CO2 

emissions are equal to the allowed limit, although slightly lower emissions are observed 

for 1000 lb/MWh CO2 emission limits at MARMAP values of 10% and 25% in Figure 5. 
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Figure 5: Annual Average CO2 emissions for different levels of wind 

variability for two electricity price time series with high variability (Dominion Hub) 

and low variability (AEP-General Hub).  Panels on the left and right show results 

when CO2 emissions limits are 1000 lbs/MWh and 300 lb/MWh. 

2.4.3 Effect of variable costs and CO2 tax regimes 

An increase in capital costs, fixed O&M costs, or variable O&M of the wind farm 

leads to proportionately lower revenues, higher estimates of LCOEs and higher CoC. 

Similarly, increased coal prices result in higher LCOEs and CoC. If coal plant O&M costs 

and coal prices are lower than the levelized cost of electricity of the wind farm, then the 

optimum size of wind farm is zero. As long as the levelized cost of electricity of the wind 

farm is less than the coal plant O&M costs and fuel costs, it is profitable to have a co-

located wind farm even if other constraints (such as lack of land availability, public 

opposition etc.) force the utility owners to set up a wind farm that is smaller than the 
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optimum size indicated by the linear optimization model. When relaxing the constraints 

that pose limits on the CO2 emissions rates of the power plant, we find that the CO2 tax 

values necessary to achieve the desired reduced emission rates of 1000 lb/MWh and 300 

lb/MWh are equal to the estimated CoC for the given set of inputs, as was expected.  

2.5 Discussion 

Results indicate lower CoC and LCOE of the hybrid system relative to a baseline 

continuous operation system that achieves the same emissions and operational 

constraints. At least three other benefits that have not been included in the above 

calculations:  (a) avoided costs of procuring additional transmission capacity for wind 

power, (b) avoided costs associated with integration of variable electric power sources to 

the grid, and (c) increased ramp-capability of the hybrid system.  

Although joint optimization of electric power dispatched from the wind farm 

and the retrofitted coal plant could occur if the plants are not collocated, this would miss 

an additional advantage of the hybrid system that results from avoiding the need to 

install additional transmission capacity.  Stand-alone wind farms require additional 

transmission lines to inject power to the existing grid. Recent publications indicate that 

levelized transmission costs in the range of 3.2-14.3 $/MWh for onshore wind farms with 

a capacity factor of 34% [43][46]. The Eastern Wind Integration and Transmission Study 

[46] estimates a transmission cost of  17.5 – 23.4 Billion USD (in 2024 USD) to achieve a 
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wind penetration level of 20% along the US Eastern Interconnect. Scenario 6 in Table 1 

demonstrates that building the coal-wind hybrid system could enable 6% of sub-critical 

coal-based capacity to be replaced by wind power in sites with strong wind resources 

without incurring additional transmission costs.   

On the other hand, the hybrid system effectively integrates “baseload wind” and 

hence avoids an increase in system’s costs associated with the wind power variability. 

Incorporating stand-alone intermittent resources in the power grid (such as wind and 

solar power) requires capital investments and O&M costs for additional spinning 

reserves, cycling costs and additional fuel cost of generating units (mainly natural gas 

plants) with rapid ramp up/down capabilities. These costs are estimated to be 3.10 – 5.13 

$/MWh for up to 30% of penetration of wind power in the Eastern Interconnect [69], and 

0.47-1.28 $/MWh (13% - 24%) for up to 33% of wind and solar penetration in the Western 

Interconnect [70]. Also, this system provides a hedge against any potential charges to 

wind-producers for deviations of power output from the forecast [71].     

Finally, a hybrid system that includes a CCS capable of 90% capture has the 

potential to ramp-up and down its power output at a faster rate than is possible in a 

continuous operation CCS plant capable of 49% capture.  This is of great value –and 

soon to be priced- in systems with high penetration of renewables like MISO [36]. 
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2.6 Conclusion 

 This hybrid system is a viable method of transitioning to a power system with 

lower carbon emissions. It provides a hedge against uncertainty on natural gas prices 

and carbon emissions constraints, and facilitates the integration of renewables. The right 

panel of Figure 2 indicates LCOEs in the range of 86.4-107.7 $/MWh for annual average 

CO2 limits of 300 lb/MWh (roughly corresponding to about 85% annual average CO2 

capture rates) for wind farms with average MARMAP values less than or equal to 50% of 

maximum potential of the wind site (a characteristic common to roughly 90% of the 

wind sites in the US east coast [27]). This range is comparable to LCOE values of NGCC 

plants [50] with 90% capture rates of 85.9-111.7 $/MWh for NG prices in the range of 6-11 

$/MMBtu, and lower than the LCOE of  IGCC plants with 90% capture rates estimated at 

111.8 $/MWh [72].  
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3. Alternative Energy Storage for Wind Power: Coal 
Plants with Amine-based CCS 

This chapter was published in Energy Procedia in 2014, and is reprinted with 

permission. The document is available at doi:10.1016/j.egypro.2014.11.770. 

Cite as: Bandyopadhyay, R. and Patiño-Echeverri, D. ‘Alternative Energy Storage for Wind 

Power: Coal Plants with Amine-based CCS’. Energy Procedia 2014; Vol. 63, pp. 7737-7348. The 

Supporting Information (SI) of this paper is available in Appendix B of this dissertation. 

3.1 Abstract 

This paper analyses the performance of a hybrid system consisting of an existing 

coal plant with post-combustion amine based CCS with amine storage, and a co-located 

wind farm. The amine storage system allows storage of the CO2-rich amine solution to 

reduce the energy penalty of the CCS system at times of high electricity prices/high 

demand. The amine-rich solution can be regenerated at an enhanced rate when 

electricity prices are relatively low or when wind power output exceeds the transmission 

capacity of the connector lines: effectively providing ‘storage’ for wind power and a 

mechanism for muting the variability of wind power output. Using prices and wind 

data from the eastern region of U.S., we find the optimal configuration and operation, 

profits, Cost of CO2 Capture (CoC), and Levelized Cost of Electricity (LCOE) of the 

hybrid system, with and without constraints on the variability of the net power output. 

We find that favourable conditions regarding price arbitrage opportunities and wind 

http://dx.doi.org/10.1016/j.egypro.2014.11.770
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power output variability -same or lower variability than that observed in ~70% of sites in 

the EWITS database- allow the hybrid system to be more cost effective than other 

alternatives for reducing CO2 emissions from an existing coal-fired power plant and/or 

integrating wind power as a component of a base-load plant.  For example, hybrid 

systems with up to 10% of the total installed capacity from the wind farm, can operate as 

a base-load plant, and still be more profitable and have lower LCOE and CoC values, 

than a continuously operating coal plant with a CCS retrofit. Using an existing plant as a 

component of a hybrid system can result in lower CoC than replacing it with a new 

Natural Gas Combined Cycle power plant -assuming natural gas prices are in the range 

6-8 $/MMBtu. 

3.2 Introduction 

One of the major drawbacks of the use of CCS technology in fossil fired power 

plants is its associated energy penalty which causes a reduction of net power output in 

the range of 20-40% and accounts for a significant portion of the CCS plant operating 

expenses [40] [3]. Flexible operation of post-combustion amine-based CCS systems either 

bypassing the CCS capture unit to vent CO2, or enabling amine-storage, can decrease the 

associated costs of this penalty by adjusting the CO2 capture rate in order to take 

advantage of electricity price arbitrage opportunities [49] [54] [6] [20] [53] [73] [51] [74] 

[4] [75].  
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The amine storage system allows storage of the CO2-rich amine solution in a tank 

to delay incurring the energy penalty associated with the amine-stripper’s operation, 

without venting the CO2 emissions captured. By postponing the process of amine 

regeneration from times of high electricity prices to times of low prices, the economic 

costs associated to the CCS energy penalty can be substantially reduced.   

The economics and environmental performance of a CCS system with amine-

storage can be further improved by co-locating a wind power farm, and operating the 

strippers at an enhanced rate to regenerate stored amine when wind power output 

exceeds the transmission capacity of the connector lines.  

Stand-alone wind farms are a source of intermittent supply of electricity which 

affects the reliability and reserve requirements of the power system. If sized optimally, 

the coal-wind hybrid system under consideration can be dispatched to maximize profits 

given electricity prices and wind power conditions.  By providing flexibility to reduce or 

increase the power that flows from the wind farm and coal plant to the grid, the CCS 

system provides a form of ‘storage’ for wind power. Also, connection costs of the new 

wind farm can be reduced by using the spare transmission capacity that results from the 

reduction in electricity output of a coal plant when it is retrofitted with CCS.  

In this paper we study the economics of post-combustion amine based CCS 

retrofits with amine-storage in existing coal plants for facilitating the integration of wind 
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power into a system. We focus on existing plants because the capital costs of enabling 

flexible operation in these plants is lower than in new ones, due to the fact that in retrofit 

plants the generators and low pressure steam turbines are already sized to optimally 

handle all the steam that would be generated in a plant without CCS.  Also, about 20% 

of the net annual generation in the US is provided by existing sub-critical coal plants 

that still have more than 25 years of active life ahead and nameplate capacities greater 

than 350 MW. Since a sudden retirement of such a large portion of the power system 

would severely compromise the cost-effectiveness and reliability of the grid, the 

approach explored here can be an important tool to reduce the CO2 emission levels of a 

power system that is on its way to incorporating more renewable energy. 

Recent studies indicate that besides reducing the costs associated to the CCS’ 

energy penalty, enabling flexible capture also increases the range of operation of the 

power plants (by reducing the minimum power output required to keep the plant online 

[74]), and flexible CCS may be used to satisfy peak power demand [73], provide 

ancillary services, obtain higher profits [73] [51] [74] [75] [62], and offset the intermittent 

nature of renewable sources of power such as wind and solar [51] [74].  

Most of the previous studies analysing flexible operation of stand-alone CCS [49] 

[54] [6] [20] [10] [53] [73] [51] [4] [75] [62] and hybrid systems [74] [37] [8], assume 

operations occur according to an optimization algorithm that maximizes profits [50] [10] 
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[53] [74] [75] [37] [8], and most studies [50] [51] [10] [53] [73] [74] [37] report the 

percentage increase in profits and/or Net Present Values (NPV) under different CO2 tax 

scenarios, as the primary metric to evaluate the relative benefit of the system.  

In this paper, rather than making assumptions about potential CO2 tax levels we 

choose to estimate the Cost of CO2 Capture (CoC) and Levelized Cost of Electricity 

(LCOE) for the flexible CCS system or the corresponding hybrid system, and use these 

metrics as a basis for comparison of different configurations and as a way to assess the 

economic value of flexible CCS relative to other CO2 emission reduction strategies (such 

as replacing existing coal plants with natural-gas fired power plants). Similar to those 

studies, we assume operation of the plants follows the prescription of an optimization 

model that maximizes profits, but different from them we also solve for the optimal size 

of the components of the hybrid system (wind farm, storage tanks, and regeneration 

unit), and we analyse the effects of capital costs, constraints on power output variations, 

CO2 emissions constraints, wind power variability, and electricity prices variability on 

the optimum size and economic benefits of  the hybrid system.  

A parallel analysis of a hybrid system with partial capture (i.e. bypass of the flue 

gas) instead of amine storage has also been performed by the authors in [9].  
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3.3 Method, data and assumptions 

 We assume the specifications of the existing coal plant in the hybrid system are 

similar to those of the Powerton Plant, an existing sub-critical coal plant in Illinois (eGrid 

[27]), and use the IECM software [5] to estimate CCS energy penalty, capital costs and 

O&M costs that would result if the plant is retrofitted with post-combustion amine-

based CCS with a 90% capture rate. Assumptions on coal plant ramp-rate and minimum 

generation requirements are from [59], and coal prices are assumed to be those projected 

by the Annual Energy Outlook [46]. 

Capital costs and Annual Operating Expenses (AOE) of wind farms are from 

[55]. SynTiSe [76], a Markov Chain Monte Carlo application [56] was trained with 

EWITS [57] data to generate long-term synthetic time series of wind power output. We 

assume the lifespan of the hybrid system is 20 years -the same as that of an onshore 

wind farm [55], and hourly electricity Locational Marginal Prices (LMP) from multiple 

hubs in PJM in year 2013 come from [60]. We assume the maximum CO2 capture of the 

CCS system is 90% [40] [3] [50], and assume the amine stripper can only operate within 

20-100% of its maximum capability. We do not allow the stripper unit to operate below 

20% capacity to prevent degradation of system components due to frequent on/off 

operations and to avoid large start-up times to resume operation after complete shut-

down, because this may reduce the ability of the CCS plant to smooth out the combined 
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power output of the hybrid system at times of low wind power production [10] [53] [73]. 

It is also assumed that additional transmission capacity is not added to the system when 

the wind farm is installed, and instead, only the spare transmission capacity resulting 

from the CCS retrofit in the existing coal plant is used to connect an optimally sized 

wind farm to the power system. We simulate operation of the hybrid system every 10 

minutes during one year and adjust all capital and fixed costs for the LCOE and CoC 

calculations. 

     A linear optimization model allows identification of optimum values for the 

size of the amine storage tank, wind farm, the factor by which the CCS unit components 

need to be scaled up to enable amine-storage and enhanced regeneration, the operation 

schedule of the CCS unit, and dispatch of wind and coal-based power.  

The decision variables are: 

Ow,t : Wind power dispatched at time interval t (MW) 

Oc,t : Power generated by coal plant at time interval t (including steam power 

in equivalent MWs for regeneration of CO2-rich amine) (MW) 

rt : Multiplying factor to obtain total energy penalty of the stripper at time 

interval t under each regeneration mode: 

rtϵ [0.2,1) →  “Storage Mode”: A fraction of the CO2-rich amine solution is 

stored in the tank, so the energy penalty of regeneration is reduced 
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between 0%-80%. 

rt = 1      →  “Regular Mode”: The CO2-rich amine solution generated at 

the current time instant is regenerated in the stripper. Enhanced 

regeneration to simultaneously regenerate stored CO2 rich amine solution 

is not performed, and energy penalty is not reduced 

rtϵ (1, SF] →  “Regeneration Mode”: Enhanced regeneration to 

simultaneously regenerate stored CO2 rich amine solution is performed 

and energy penalty increases by factor rt corresponding to time t 

HS
max : Size of the amine storage tank in terms of number of maximum 

consecutive time intervals in which the system can operate in storage 

mode (in hours/minutes depending upon the time resolution used). This 

decision variable is constrained to take non-negative values only. 

SF : Scaling Factor (SF) is the fractional increase in corresponding CCS system 

component sizes to enable amine storage. This decision variable is 

constrained to take non-negative values only. 

Ow
nameplate

 : Optimum nameplate capacity of co-located wind farm (MW) 

The parameters used as input to the model are:  

Estripper : Energy penalty due to stripper operation: Power used from steam being 

diverted between the LP and HP levels of turbines for regeneration in the 
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“regular” mode (MW) 

E other : Energy penalty due to absorption operation of CCS, base plant use, 

operation of FGD, NOx controller etc. (MW) 

LMPt : Locational Marginal Price ($/MWh) 

AOE : Annual Operating Expenses of the wind farm ($/MWh) 

Cfuel : Cost of fuel (coal) per MWh of electrical energy generated (depends 

upon the heat rate of the plant) ($/MWh) 

O&Mcoal
var  : Variable O&M cost of operating the coal plant excluding cost of fuel 

($/MWh) 

CCStorage : Annualized Capital Cost of amine storage tank per unit of storage 

capacity (expressed in minutes or hours of continuous operation in the 

storage mode) ($/hr/yr)  

CCwind : Annualized Capital Cost of wind farm per MW of installed capacity 

($/MW/yr) 

SFcosts : Additional annualized capital costs due to scaling up by SF some 

components of the CCS system to incorporate amine storage ($/yr) 

OC
nameplate

 : Nameplate capacity of the coal plant (MW) 

O&Mcoal
fixed : Fixed O&M cost of coal plant ($/yr) 

CCCCS : Annualized Capital Cost of the coal-CCS plant ($/yr) 
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T          : Number of time periods in the planning horizon (i.e. 8,760 one-hour 

periods in one year) 

The objective is to maximize the annual profit (Ω) of the hybrid system: 

max
Ow,t,Oc,t,Ow

nameplate
,rt,HS

max,SF
Ω                         (1)                      

Ω = ∑ [{Ow,t + Oc,t − Eother − Estripper ∗ rt} ∗ LMPt − (Cfuel + O&Mcoal
var ) ∗ Oc,t − AOE ∗T

t=1

Ow,t] − CCStorage ∗ HS
max − CCwind ∗ OW

nameplate
− SFcosts ∗ (SF − 1)                                      (2)                                                           

   The optimization is performed subject to constraints on operation of the coal 

plant, the wind farm, the CCS system, as well as policy and power system operation 

requirements. The performance of the hybrid system is measured in terms of the 

Levelized Cost of Electricity (LCOE) and the Cost of CO2 Capture (CoC) defined as 

follows: 

 

Levelized Cost of Electricity ($/MWh) =  

CCwind+∑ Ow,t∗T
t=1 AOE +CCCCS+ O&MCCS+CCstorage∗HS

max +O&MAmine Storage+∑ Oc,t∗T
t=1 (O&MCoal

var +Cfuel)+O&MCoal
fixed +Revenue LossCCS

∑ (Ow,t+Oc,t−Estripper∗rt−Eother)T
t=1

  

                              (3) 

Where: 

 

Revenue LossCCS : Annual loss of revenue due to the reduction in net power output 

caused by CCS unit operation ($/yr). This quantity is estimated  as 
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∑ (Estripper ∗ rt + Eother) ∗ LMPt
T
t=1   

  

Cost of CO2 Capture ($/ton) =
LCOEHybrid System−LCOECoal Plant w/o CCS retrofit

CO2EmissionsCoal plant w/o CCS retrofit−CO2EmissionsHybrid System
                                          

                                                                                                                                                        (4)                                                                 

3.4 ResultsTable 3 summarizes the performance of the hybrid system under 

varying constraints regarding variability on power output and size of wind farm, and 

assuming electricity prices are those of the Chicago Hub in PJM , and wind power data 

has the same variability of the EWITS site #4431 (Refer to section I of [77]). 

The BAU scenario consists of an existing coal plant retrofitted with a continuous 

operation CCS unit and may be used for comparison with the remaining scenarios in 

table 1.  A comparison of the BAU scenario with scenarios 1 and 2 indicates that higher 

profits (Ω*) and lower values of LCOEs and CO2 Capture Costs can be obtained from 

flexible operation of CCS relative to the continuous operation case. The reduction in 

costs quantifies the benefit from price arbitrage opportunities.  

Allowing the net power output to vary in an unconstrained manner leads to 

lower costs and higher profits as is evident from the comparison of scenarios 1 and 2. 

Constraining the net power output to vary within 10% of its nameplate capacity in 

scenario 1 rather than allowing unlimited variations (scenario 2) leads to a 2.3$/ton and 

2$/MWh increase, and a 16% increase in the values of LCOE, CoC and profits 
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respectively, due to a reduction in price arbitrage opportunities. Additional expenses are 

also incurred in Scenario 1, since the system requires a larger storage tank compared to 

scenario 2 in order to maintain the net power variability within 10% of the nameplate 

capacity.  

If unconstrained variation of net power is allowed, the addition of a wind farm 

leads to a decrease in loss of revenue due to CCS energy penalty, and an increase in net 

power generated by the hybrid system since wind power can be used to substitute for 

the decrease in power output from the coal unit due to CCS operation. In fact there is a 

reduction of 2.8 $/MWh and 3 $/ton in the LCOE and CoC metric when comparing 

scenario 2 with scenario 6.  

The effect of constraints on maximum variability of system’s power output on 

the size of the storage tank is a bit ambiguous.  On one side, when it is optimal to 

integrate large wind farms into the system, it is also optimal to have larger size of amine 

storage tanks (scenario 4 vs scenario 5) to perform price arbitrage and contain the power 

output variability, but completely relaxing the constraint on allowed variability of net 

power output may lead to smaller amine storage tanks for larger optimal wind farm 

configurations (compare scenarios 5 and 6). 

Table 3: Performance and optimal configuration of the hybrid system model in 

the Chicago Hub of PJM interconnect under varying assumptions on allowed 

variability of net power output and restrictions on building the co-located wind farm  

Scenario Assumptions Results 
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Allowed 

Variability 

of Power 

Output (in 

MW/hr 

and as % 

of 

nameplate 

capacity of 

the hybrid 

system) 

Maximum 

Size of 

Wind 

Farm 

Allowed 

Nameplate 

Capacity of 

Hybrid 

System 

(MW) = 

Coal Plant 

Nameplate 

Capacity + 

Optimum 

Size of 

Wind Farm 

Optimum 

Size of 

Wind Farm 

(in MW 

and as 

Percentage 

of 

Nameplate 

Capacity of 

the Hybrid 

System) 

Optimum 

Size of the 

Storage 

Tank (in 

terms of 

max. 

number of 

consecutive 

storage 

operation 

interval in 

hours) 

Cost of 

CO2 

Capture 

($/ton) 

for the 

Overall 

Hybrid 

System 

Levelized 

Cost of 

Electricity 

($/MWh) 

not 

accounting 

for Capital 

Cost of 

Coal Plant 

The Value of Ω* ($/yr) 
The Value 

of Ω ($/yr) 

BAU 

No 

variability 

allowed, 

CCS must 

operate at a 

constant 

rate 

0 1786.5 

No wind 

farm 

installed 

for these 

scenarios 

0 66.6 135.5 -47,105,381 134,194,619 

1 

178.5 

MW/hr or 

10% 

(approx.) 

of 

nameplate 

capacity  

6.8 61.2 130.6 -28,410,043 152,889,957 

2 
No upper 

limit 
8.1 58.9 128.6 -24,508,192 156,791,808 

3 

No 

variability 

allowed (0 

MW/hr) 

No upper 

limit 

1786.5 0 0 66.6 135.5 -47,105,381 134,194,619 

4 

178.5 

MW/hr or 

8% of 

nameplate 

capacity 

2194.2 

405.9 MW 

or 18% of 

nameplate 

capacity 

6.9 64.6 133.7 -26,532,423 154,767,031 

5 

500 MW/hr 

or 26% 

(approx.) 

of 

nameplate 

capacity 

2497.0 

711.4 MW 

or 28% of 

nameplate 

capacity 

7.2 57.5 127.3 -21,538,969 159,761,031 

6 
No upper 

limit 
2657.5 

871 MW or 

32% of 

nameplate 

capacity 

6.6 55.9 125.8 -14,556,651 166,743,349 

Ω* = Ω – Annualized Fixed O&M Cost of CCS – Annualized Capital Cost of CCS 

 

In the presence of constraints on net power variability of the hybrid system the 

addition of the wind power in the system is optimal in scenarios 4 and 5 and this leads 

to increased profits due to both a reduction of energy penalty and increased revenue 

generated from the sale of additional electricity during high price durations, but these 

scenarios are less profitable than scenario 6. However, the comparison of scenario 4 with 
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scenario 1 leads to an interesting observation: although the profits are higher for 

scenario 4 relative to scenario 1, the LCOE and CoC are higher in scenario 4. This is 

because additional costs incurred due to the installation of the wind farm are not offset 

by the reduction in the cost of the CCS energy penalty alone. Since the LCOE and CoC 

calculations take into account only the additional electricity generated by wind but not 

the increase in revenue, due to sale of wind power during high electricity durations, for 

scenario 4, the numerator of the LCOE and the CoC increase at a faster rate than the 

denominator due to addition of wind power. Regardless of relatively high LCOE and 

CoC values in scenario 4, it is clear that due to the presence of high electricity prices and 

consequently high revenue earned from the sale of additional wind power, it is 

profitable to install a 405.9 MW wind farm even when the net power of the hybrid 

system is constrained to vary within 8% of the total nameplate capacity of the system. 

This observation is important because it indicates that incorrect conclusions may be 

obtained from the use of LCOE and CoCs as the sole metrics for the evaluation of 

profitability of a hybrid system like the one examined in this paper. 

3.4.1 Quantifying the effects of electricity price variability wind power 
ramp characteristics: A study of the performance of the hybrid 
system in the PJM interconnect  

The two main factors that affect the profitability of the hybrid system when no 

variability of the net power output is allowed are: a) the benefits from price arbitrage 
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(which depend on the variability of the electricity price time series) and b) the ramp 

characteristics of the available wind power (reflecting the degree of intermittency of 

wind power). We quantify these factors using the Average Price Differential (APD) and 

the Mean Aggregated Ramp Magnitude as Percentage of Name Plate Capacity (MARMAP).  

The APD metric is defined as the average value of mean electricity price 

differentials during every instance of continuously increasing or decreasing values of 

electricity prices. A price differential is defined as the absolute difference between 

electricity prices at consecutive time intervals. A high APD value indicates better price 

arbitrage opportunities. The MARMAP metric is defined as the average of the 

magnitude of all ramping events (defined as those instances when changes in wind power 

output exceed the ramp-up/down capacity of the coal plant with the CCS retrofit) 

expressed as a percentage of the nameplate capacity of the wind farm. A high MARMAP 

value indicates high ramp characteristics (see sections VII and IX in [77] for detailed 

definition of APD and MARMAP metrics respectively). 

To examine the effect of a choice of wind site, four EWITS [57] sites with 

MARMAP values of 10%, 25%, 50% and 98% - which correspond to ~70%, ~10%, ~15%, 

and ~5% of the total number of wind sites in the US Eastern Interconnect identified by 

EWITS- were used as inputs to obtain for each of them 15 sets of wind power time series 

using the SynTiSe software. Tables 4-6 report the range of LCOEs, CoCs and optimum 
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configuration as well as the corresponding median values corresponding to the 15 

observations for each MARMAP value. 

Table 4 summarizes the costs and optimal configuration of the hybrid system 

when operating in the Dominion Hub and the AEP General Hub which were found to 

have the highest and lowest APD values for the electricity prices in 2013, for varying 

levels of wind power ramp characteristics. 

Higher APD value caused lower LCOEs, lower CoCs, larger wind farm sizes and 

larger size of amine storage tanks due to better price arbitrage opportunities. Low 

MARMAP values led to larger wind farm sizes with smaller size of amine storage tanks. 

In the Dominion hub, price arbitrage opportunities allow integrating wind farms 

with MARMAP values of up to 25%, even under the assumption that the power output 

of the hybrid system must remain fixed. For the AEP general hub, the benefits from 

price arbitrage are too low to offset the additional expenses of enabling amine storage 

and installing a wind farm, when the net power output of the hybrid system is forced to 

remain constant, and as a result optimal configuration of the system does not include 

installing a wind farm. 

3.4.2 Sensitivity analysis: Analysing the effect of capital costs, PTC 
and CCS energy penalty estimates 

The effect of capital costs, PTC and CCS energy penalty estimates are analysed in 

this section under the assumption that the hybrid system needs to perform as a baseload 
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plant (i.e. no power output variability is allowed). The electricity price time series is 

obtained from the Dominion Hub in the PJM interconnect. This time series was found to 

generate sufficient price arbitrage opportunities and revenues from sale of additional 

wind based electricity to justify investments in amine storage and a co-located wind 

farm, and hence enabled us to observe the effect of these factors on the wind farm sizes 

and the size of the amine storage tank.  

1. Effect of capital cost of CCS (with amine storage):  

Higher CCS capital costs results in higher LCOE, smaller wind farms and less 

storage. For higher MARMAP, the reduced costs of CCS led to higher wind farm sizes 

and a subsequent increase in storage tank to maintain steady net power output. 

Information about the effect that reducing CCS capital costs may have on increasing 

opportunities for wind power integration, can be obtained from comparing the installed 

capacity of the wind farm for two scenarios of capital costs for CCS retrofits.  In the case 

study for wind sites with lower variability (10% MARMAP), a 50% reduction in the 

capital costs of the CCS retrofit allows integrating 427-430MW of wind -as baseload- 

instead of 241-255MW that can be integrated under current costs.  This corresponds to a 

cost for wind power integration in the range of 1,265-1,355 $/kW of wind installed 

capacity.  These costs are lower than EPRI cost estimates of several other forms of energy 

storage that could make a wind-farm behave as a baseload plant such as pumped hydro, 
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flywheel, and batteries like lead acid, Li-ion,NaS, Vanadium Redox and Zinc Bromide 

[29,30].   

Table 4: An analysis of the performance of the hybrid system under varying 

opportunities for price arbitrage and wind power ramp characteristics quantified by 

the APD and MARMAP metrics respectively in the PJM interconnect. The net power 

output of the hybrid system was not allowed to vary.  

PJM Hub Corresponding to 

LMP Time Series Used 
Dominion Hub (APD=10.06 $/MWh) AEP General Hub (APD=7.05$/MWh) 

Ramp Characteristics of the 

Wind Site 

Wind Site 

MARMAP 

Value: 10% 

Wind Site 

MARMAP 

Value: 25% 

Wind Site 

MARMAP 

Value: 50% 

Wind Site 

MARMAP 

Value: 98% 

Wind Site 

MARMAP 

Value: 10% 

Wind Site 

MARMAP 

Value: 25% 

Wind Site 

MARMAP 

Value: 50% 

Wind Site 

MARMAP 

Value: 98% 

LCOE 

($/MWh) 

Range 119-123.2 122.0-125.9 129.1 129.1 151 151 151 151 

Median 121.2 123.5 129.1 129.1 151 151 151 151 

Cost of CO2 

Capture 

($/ton) 

Range 48.3-52.9 51.6-55.9 59.5 59.5 83.9 83.9 83.9 83.9 

Median 50.76 53.3 59.5 59.5 83.9 83.9 83.9 83.9 

Optimum 

Size of 

Wind Farm 

(MW) 

Range 241-255.5 21.6-32.1 0 0 0 0 0 0 

Median 247.2 29.1 0 0 0 0 0 0 

Optimum 

Size of 

Amine 

Storage 

System in 

Equivalent 

Hours 

Range 3.1-4.8 5.5-6.3 0 0 0 0 0 0 

Median 4.2 6.1 0 0 0 0 0 0 

The same observation does not hold for wind sites with higher variability (>=25% 

MARMAP) because of increased expenses incurred to increase storage capacity 

necessary to smooth out the higher variability of wind power.   

3.4.3 Effect of Wind Power Capital Costs 

 Lower wind costs result in lower LCOE and CoC, higher wind farm sizes, 

and higher amine storage tank sizes to smooth out the intermittency of wind power. 

However the increase in size of wind farm and reduction in costs are both of a lower 

magnitude relative to the case with reduced CCS capital costs because increased wind 
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capacity must be made less intermittent with more amine storage, and this results in an 

additional expense.  

Table 5: An analysis of the performance of the hybrid system in the Dominion 

Hub for different values of costs of CCS with amine storage capabilities and for wind 

farm costs. The net power output of the hybrid system was not allowed to vary. 

Scenario 

Change in Capital and O&M costs of the CCS unit 

(including the amine storage system) 
Change in Capital and O&M costs of the wind farm 

Reduced by 50% relative to 

the BAU scenario 

Increased by 50% relative to 

the BAU scenario 

Reduced by 50% relative to 

the BAU scenario 

Increased by 50% relative to 

the BAU scenario 

Ramp Characteristics of the 

Wind Site 

Wind Site 

MARMAP 

Value: 10% 

Wind Site 

MARMAP 

Value: 25% 

Wind Site 

MARMAP 

Value: 10% 

Wind Site 

MARMAP 

Value: 25% 

Wind Site 

MARMAP 

Value: 10% 

Wind Site 

MARMAP 

Value: 25% 

Wind Site 

MARMAP 

Value: 10% 

Wind Site 

MARMAP 

Value: 25% 

LCOE 

($/MWh) 

Range 102.3-105.9 111.9-114.9 148.3-153.4 133.0-137.4 107.8-110.3 118.6-120.7 129.1 129.1 

Median 103.8 113.3 149.9 135.2 108.9 119.9 129.1 129.1 

Cost of CO2 

Capture 

($/ton) 

Range 30.3-34.3 41.0-44.3 81.4-87.1 64.4-69.3 36.4-39.2 48.4-50.8 59.5 59.5 

Median 32.0 42.6 83.2 66.9 37.6 49.9 59.5 59.5 

Optimum 

Size of 

Wind Farm 

(MW) 

Range 426.9-430.8 46.7-49.2 100.6-109.8 12.5-16.4 332.6-334.7 88.3-91.6 0 0 

Median 429.4 48.6 105.7 14.8 333.9 89.2 0 0 

Optimum 

Size of the 

Amine 

Storage 

System in 

Equivalent 

Hours 

Range 8.1-9.5 10.6-12.3 1.4-2.0 0.5-0.8 5.8-6.4 8.1-9.0 0 0 

Median 8.8 11.2 1.8 0.7 6.2 8.7 0 0 

 

3.4.5 Effect of CCS Energy Penalty 

For a higher energy penalty more power transmission capacity is made available 

in the connector lines. This increases the limit for the size of wind farm, so its optimal 

size and that of the amine storage increase. However the resulting loss of revenue due to 

a higher energy penalty and increased expenses from larger sizes of amine storage tanks 

results in higher overall CoC. Scenarios with MARMAP values beyond 25% are not 

reported because the optimal size of wind power being installed for the 40% CCS energy 

penalty case is 0MW. 
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3.4.6 Effect of PTC 

Table 6: An analysis of the performance of the hybrid system for variations in 

the CCS energy penalty and PTC estimates in the Dominion Hub. The net power 

output of the hybrid system was not allowed to vary.  

Scenario CCS Energy Penalty PTC offered at the rate of 2.3 

cents/kWh for electricity generation 

from the co-located wind farm 
20% of net power output 40% of Net Power Output 

Ramp Characteristics of the Wind 

Farm 

Wind Site 

MARMAP 

Value: 10% 

Wind Site 

MARMAP 

Value: 25% 

Wind Site 

MARMAP 

Value: 10% 

Wind Site 

MARMAP 

Value: 25% 

Wind Site 

MARMAP 

Value: 10% 

Wind Site 

MARMAP 

Value: 25% 

LCOE ($/MWh) 

 

Range 107.3-112.4 119.4-122.3 132.6-139.1 138.3-143.7 98.6-106.9 113.9-115.0 

Median 110.7 120.3 136.1 140.5 101.8 114.5 

Cost of CO2 

Capture ($/ton) 

Range 36.4-41.3 49.0-52.5 64.0-71.1 70.9-76.3 25.3-35.4 43.2-44.4 

Median 39.6 50.3 67.8 72.8 29.7 43.9 

Optimum Size 

of the Wind 

Farm (MW) 

Range 180.9-183.4 18.6-20.0 332.6-338.4 40.4-47.6 397.9-405.9 137.8-143.7 

Median 182.7 19.7 336.9 44.4 400.7 140.8 

Optimum Size 

of Amine 

Storage System 

in Equivalent 

Hours 

Range 2.7-3.3 4.6-5.2 5.7-6.7 7.9-8.7 4.8-5.3 5.7-6.1 

Median 3 5 6 8.4 5.1 5.9 

 

Lower costs and higher wind farm sizes are observed when a PTC is offered but 

once again increase in size of wind farm and reduction in costs are both of a lower 

magnitude relative to the case when CCS capital costs are reduced because increased 

wind power must be made less intermittent with larger amine storage capacity and this 

incurs an additional expense for the PTC scenario. 

3.5 Conclusion 

Results show that the economics of investment in amine storage to enable flexible 

operation in coal plants with CCS retrofits depend to a great extent on the potential 

benefits from electricity price arbitrage opportunities. For electricity price time series 

that justify investments in amine storage the hybrid system enables considerable 

quantities of wind power integration (within the range of 18-32% of the nameplate 
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capacity for operation of a 1786.5 MW coal plant with CCS retrofit in the Chicago Hub), 

and significant increase in profits and decrease in LCOE and CoC, when compared to a 

CCS retrofitted coal plant operating continuously.  

The potential for wind power integration as a component of a base-load plant is 

significantly dependent on the variability of the wind power output. In general, price 

arbitrage opportunities like those observed in PJM’s Dominion Hub in year 2013, and 

variability of wind power output that is the same or lower than that observed in about 

70% of EWITS sites, are favourable conditions for the hybrid system. 

Under such favourable conditions and under policies that motivate CCS retrofits, 

reducing the CCS capital costs results in integration costs that are lower than those of 

several energy storage devices. Furthermore, results suggest that reduction in the capital 

costs of CCS retrofits and amine storage might be more effective in integrating wind 

power as a source of base-load power than investments or subsidies that directly lower 

the cost of wind farms. 

Also these favourable conditions of price arbitrage opportunities and wind 

power variability make the hybrid system an attractive alternative to achieve CO2 

emissions reductions from an existing plant, when compared to the option of replacing 

such existing coal plant with a new base-load NGCC plant with or without an amine-

based CCS unit.  The CoC of the hybrid system under favourable conditions is lower 
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than that of a new NGCC (although the hybrid system achieves a higher capture rate).  

Also, retrofitting the existing coal plant with post combustion amine CCS and amine 

storage, and co-locating an optimally sized wind farm results in lower CoC than the 

CoC from a systems that uses a new NGCC plant with CCS and an independently 

operating wind farm, assuming gas prices in the range 6-8 $/MMBtu (see calculations in 

section XII in [77]).  

It is worth noting that by using a 1-hour time resolution for the operations of the 

hybrid system we may have underestimated its potential for higher integration of wind 

power in sites with relatively lower wind power variability (see analysis using 10 

minute time intervals in  section XI  in [77]).  Finally, we need to highlight that our 

analysis did not account for other factors that are likely to increase the benefits of the 

hybrid system -relative to a stand-alone wind-farm independently operated from the 

coal-fired plant with CCS, such as: (a) avoided costs from connecting a stand-alone farm 

to the power transmission system (b) avoided costs incurred by the power balancing 

authority to mitigate the variability of wind power output (c) benefits from increased 

ramp-capability of the system. In fact the benefits from avoided transmission costs may 

be substantial, as they are reported to be in the range of 3.2-14.3 $/MWh for onshore 

wind farms with a capacity factor of 34% [67] [69].  
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4. Coal-fired Power Plants with Flexible Amine-based 
CCS and Co-located Wind Power Operating in markets 
with Flexible-Ramp Capability Pricing: Environmental, 
Economic and Reliability Outcomes 

4.1 Abstract 

Flexible Carbon Capture and Storage (CCS) retrofits in power plants have the 

potential to improve the ramp capability of the corresponding generating unit. 

Therefore, flexible CCS retrofits, besides leading to substantial CO2 emission reductions 

from conventional units, could also enhance the ramp capabilities of conventional power 

plants, providing a pathway to offset the variability of intermittent renewable power 

resources. This paper explores the economic, environmental and reliability impacts of 

incorporating flexible post-combustion amine-based CCS retrofits in existing coal plants 

within the Mid-continental Independent System Operator (MISO) power grid, which 

will be introducing day-ahead and real-time Ramp Capability (RC) pricing in 2016. 

Ramp capability pricing is expected to address growing concerns regarding system 

reliability and price spikes resulting from net load variability/ramp scarcity due to high 

penetration of intermittent renewable power in the grid.  The potential for CCS in the 

MISO region, the high penetration of wind power, and the introduction of flexible ramp 

capability products, makes of this market a convenient case study to assess the benefits 

of retrofitting power plants with flexible CCS.  A modified Unit Commitment/Economic 
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Dispatch (UC/ED) model is developed to study the performance of selected coal units 

retrofitted with flexible CCS within a scaled version of the MISO power grid.  

4.2 Introduction 

Current trends in US energy policy, technical innovations, and aging 

infrastructure have resulted in the allocation of roughly 94% of planned capacity 

additions between 2013-2017 to wind and solar power installations [32]. A power system 

with very high penetration of solar and wind power will enable significant GHG 

emission reductions. However, for such power systems, the available generation 

capacity to satisfy load at any given time is subject to variability and uncertainty of 

available intermittent power. This leads to an increase in required ramp capability of the 

conventional generators within the system to offset the increased variations in net load. 

Shortages in ramp capability of committed units may result in last minute changes of 

scheduled dispatch leading to an increase in market clearing prices, effects on system 

reliability and additional out of market payments to compensate generators for 

unscheduled dispatch [32] [33] [34] [35] . Typically, this implies that expensive fast-

ramping combustion turbines are dispatched to offset the ramp-capability shortage. This 

adjustment is necessary from a reliability standpoint. However the changed dispatch 

may result in higher emissions relative to the optimal dispatch, because fast-ramping 

combustion turbines are generally less efficient than other generators (see [78] table S8). 
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While the concept of ramp capability pricing and formulation of look ahead UC-

ED models has been introduced in several academic publications over the last 20 years 

[33] [34], implementation of modified dispatch models to account for ramp scarcity and 

resulting price spikes in an actual power system is a fairly recent development. Ramp-

capability pricing being implemented by the Mid-continental Independent System 

Operator in 2016 is one example of the alternative scheduling processes to satisfy 

expected ramp requirements without having to change scheduled dispatch to include 

fast-ramping but more expensive units [32]. MISO’s proposal for RC pricing involves the 

modification of the UC/ED algorithm to directly account for the economic value of 

adequate level of RC allocation based on a demand curve of ramping. Two new 

“products” are associated with RC pricing: Up Ramp Capability (URC) and Down Ramp 

Capability (DRC). RC products are not acquired from a separate market. Generators 

offer to provide energy in the day-ahead market, and they offer to provide whatever 

combination of energy and RC the dispatch model finds most cost-effective to the 

system. Units offering RC products are paid based on opportunity costs [79].  

A number of studies have looked at the benefits of RC pricing. Navid and 

Rosenwald [80] [79] presented a detailed assessment of MISO’s RC pricing proposal. 

Subsequent cost-benefit analysis has been presented by Navid et al. [81]. Documentation 

of FERC’s approval is available in [82] [83]. Estimates in the range of $3.8-5.4 
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million/year of MISO’s net savings  are currently expected due to reductions in 

production costs, unserved reserves and combustion turbine commitments with 

additional smaller savings expected from avoiding penalty prices resulting from 

transmission constraints violations [80] [79] [81].  

Similar analysis for CAISO’s proposal is presented by Xu and Tretheway [84]. 

Wang and Hobbs [85] compare costs and benefits of a deterministic dispatch model that 

includes the ramp product (much like MISO’s proposal) both to the standard dispatch 

model and to the stochastic ideal. The analysis concluded that even under the conditions 

of perfect foresight of ramping need, the use of multi-period look-ahead optimization to 

clear the real-time market and the introduction of RC products results in less volatile 

and more transparent prices [84]. 

CCS technologies could also play a vital role in obtaining rapid and significant 

reductions of CO2 emissions from the electricity sector [40]. Of the different CCS 

technologies, post-combustion amine based CCS is the best developed and most suitable 

for retrofitting an existing coal plant [86] . However, the use of steam from the plant’s 

heat cycle during regeneration of sorbent results in significant loss of net plant efficiency 

[86] and a reduction of 20-40% in net power output [87]. Flexible operation of CCS [88] 

[7] [9] [4] [10] [89] [15] [19] units has been proposed to offset the high costs associated 

with its operation. The flexible post-combustion amine storage system facilitates storage 
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of the CO2-rich amine solution in a tank to postpone incurring the energy penalty 

associated due to amine-stripper’s operation, without venting the CO2 emissions 

captured [7] [90]. By postponing the process of amine regeneration from times of high 

electricity prices to times of low prices, the economic costs attributed to the CCS energy 

penalty can be significantly lowered.  An initial analysis of flexible operation of post-

combustion amine based CCS [89] showed that the ramp rate of a flexible CCS power 

plant can be enhanced by delaying solvent regeneration and a 90% capture rate can be 

maintained over a wide range of load levels, thereby making flexible CCS a possible 

provider of ancillary services.  

The analysis in [15] and [19] demonstrate that flexible CCS operation can offset 

fluctuations of wind power. However, flexible operation in those studies is used to offset 

intermittency in wind power under emergency conditions rather than to provide load 

following services through the improvement of ramp capability of units with CCS 

retrofits, as proposed in this paper. A previous analysis [7] studying a single hybrid 

power generation system with flexible operation of the CCS unit through amine storage 

technology, co-located with a wind farm, indicates that for electricity prices justifying 

investments in amine storage, the hybrid system enables considerable quantities of wind 

power integration (within the range of 18-32% of the system nameplate capacity) and a 
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significant increase in profits and decrease in costs, relative to conventional CCS 

retrofits. 

This paper proposes the use of a hybrid technology consisting of post-

combustion amine based CCS retrofits in existing coal plants, and co-located wind farms 

to reduce CO2 emissions from existing coal units and improve their ramp capability, 

with the ultimate goal of improving system-wide load-following capability to facilitate 

increased penetration of intermittent renewable power in the grid. It presents and 

assessment of the techno-economic feasibility of the use of flexible CCS, with and 

without co-located wind to offset increased net load variability due to additional wind 

power integration, and reduce ramp-capability shortages. Simulations of both, the 

standard market clearing process (StdMC) and the market clearing process that includes 

ramp capability products (RCMC), incorporating hybrid system operation, are 

performed using the corresponding UC/ED models. Total system costs, average 

Levelized Costs of Electricity (LCOE) for the hybrid units in the system, system cost of 

CO2 capture, market clearing prices, spinning reserve costs, and number and magnitude 

of energy and reserve shortage instances are reported. 

It is assumed that an environmental regulation constraining the average power 

system CO2 emission to 1000 lbs/MWh (equivalent to the average emission rate of a 

state-of-the-art NGCC unit) is imposed on the entire test system. This regulation makes 
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it necessary to retrofit some existing coal units with CCS technology. Although no CO2 

emission regulations are applicable to existing generator units in the US Electricity 

Sector at this time, current trends as demonstrated by EPA’s proposed clean power plan 

[91], and the Paris Climate agreement [92], indicate that it is possible that environmental 

regulations restricting CO2 emissions from existing sources of power may soon be 

enforced. CO2 taxes may also be imposed instead of emissions standards.  

 The standard Unit Commitment/Economic Dispatch (UC/ED) models are 

modified to include this constraint on average power system CO2 emissions. In addition, 

when modeling the operation of the test system with RC pricing mechanism, the 

standard (UC/ED) models are modified to include additional constraints imposed on 

power system operation to enable acquisition of required ramp capability.  In the paper, 

the modified UC-ED models without RC pricing have been named the StdMC-Env 

models, whereas the UC-ED models with RC pricing have been named RCMC-Env 

models. Please refer to Table 8 for further details on specific changes made to the 

standard problem formulation of the UC/ED models to incorporate ramp capability 

pricing and the limit on average system CO2 emission rate. 
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4.3 Materials and Methods 

4.3.1 Data 

Two test systems consisting of 6% of MISO’s load and generation capacity with 

approximately the same proportion of coal, natural gas, and nuclear power as MISO in 

2009 [93] but differing in levels of wind penetration are built using the k-means 

clustering technique (Refer SI, section 2). The low-wind penetration system (LW) has 

wind nameplate capacity corresponding to 7% of total generation capacity (the same 

proportion of wind as MISO had in 2009); the high-wind penetration system (HW) has 

wind capacity corresponding to 19% of total generation holding all other generation 

types constant. Alternate fuel sources such as hydro, diesel, and demand resources 

represent less than 5% of MISO generating capacity and are left out of the analysis. The 

total number of coal and gas generators in the unit is 44. Details regarding the test 

system composition and other assumptions and methods may be found in sections 1 and 

2 of the SI document. UC-ED simulations of the test system are performed for 3 

representative months. The simulations consist of hourly day-ahead UC and ED 

algorithms and a 10-minute real-time ED algorithm. 

The only marginal costs are attributed to fuel costs and estimated from data on 

power generators heat rate reported in the eGRID dataset [27] and from EIA-reported 

average prices of coal and natural gas for electric power from the five-year period 
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ending in March 2014 [94]. Spinning reserve offers are assumed to be 20% of energy 

marginal cost.  

Name plate capacity, average heat rates and average CO2 emissions are obtained 

from eGRID [93] and EIA Form 923 [95]. Details regarding data sources and calculations 

for required minimum generation levels and maximum ramp-rates for each power 

generator, minimum up and down times, no load costs, start-up heat rates, and start-up 

emissions are available in section 3 of [78]. As explained in [78], start-up heat rates and 

corresponding emissions are estimated based on generator type, size, and nominal heat 

rate.  

10-minute interval load data time series are obtained by taking the averages of 

two consecutive 5-minute intervals of the real time load for January, April and July of 

2010, collected and published by LCG Consulting [96] -see section 4 of [78]. Day-ahead 

and real-time load forecasts are simulated assuming the percent forecast error is 

normally distributed with a zero mean and a standard deviation of 1% for the day-

ahead, and 0.2% for 10-minute intervals (consistent with the 1% day-ahead and 0.12% 5-

minute-ahead standard deviations of load forecasts in MISO [79])  -refer to section 6 of 

[78]. 

Wind data included in both the LW and HW systems comes from modeled wind 

sites in the MISO states selected from the EWITS database [97] (see information on 
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specific sites selected in section 3 of Appendix C). Since the EWITS data is only available 

in 10-minute intervals, this is the time resolution used for real-time model runs. The 

wind power forecasts for the subsequent 10-minute intervals necessary for real time 

market simulations are generated assuming that forecast errors (expressed as a percent 

of the forecast) are random variables that are independently and identically distributed 

(i.i.d.), following a normal probability distribution with a mean of zero and a standard 

deviation of 4%. This number is chosen to be consistent with the 5-minute-ahead wind 

forecast error standard deviation of 3% reported by MISO [79], and assuming that there 

must be lower forecast accuracy associated with the increased length of the forecast 

period of 10 minutes. EWITS-simulated day-ahead hourly wind generation forecasts are 

used in the day-ahead market simulations.  

Additional parameters required for the StdMC-Env and RCMC-Env models are 

taken from MISO documentation; spinning reserves must be capable of deployment 

within 10 minutes with a penalty of $1,100/MWh if there is a shortage; penalty values of 

$3,500/MWh and $500/MWh are imposed for under-generation and over-generation [98]. 

The demand curve for URC and DRC is set to a fixed value of $10/MWh that acts as a 

price cap for both products [79]. The spinning reserve requirements in different 

electricity markets in the U.S. are set in an effort to meet reliability standards imposed 

by the North American Electric Reliability Corporation (NERC). MISO rules require that 
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at any instant of time, available spinning reserves are sufficient to compensate for 50% of 

reduction in electric power due to outage of the largest unit in the system and/or 

disruption of the largest transmission corridor used to satisfy load at that time [99]. Also, 

any Balancing Authority (BA) within the MISO system is required to have sufficient 

spinning reserves to maintain power system frequency values within acceptable limits, 

by ensuring that there is sufficient spinning reserve immediately responsive to 

automatic generation control for frequency regulation [100].  In power systems with 

sufficiently high wind power penetration, intermittency of wind power in the system 

can affect the system frequency levels. Other electricity system in the use, directly relate 

reserve requirements to the amount of variable power generation. For example the rules 

in the California Independent System Operator CAISO state that spinning reserve 

requirements shall be set to the maximum of the installed capacity of the largest unit in 

the grid, and the sum of 5% of hydro-power generation and 7% of generation from all 

other sources including wind power [101]. In PJM, as per documentation published in 

2015 [102], the Synchronized Reserves is determined dynamically every hour to be the 

maximum of the largest contingency in the region and the minimum requirement 

imposed by the ReliabilityFirst Corporation (RFC). As per documentation [103] 

published by RFC in 2012 the spinning reserve requirement is 50% of the largest 

contingency event in the Balancing Authority region. This number is subject to change 
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with directives of NERC under extreme events. However, there isn’t agreement about 

the best method for setting spinning reserve targets. In fact a study performed by the 

National Renewable Energy Laboratory (NREL) stressed the need for crafting 

mechanisms to determine spinning reserves commensurate with increased wind power 

penetration in the region [104]. In our analysis, spinning reserve requirements at a given 

time are assumed to be 5% of the sum of the load and intermittent wind power 

dispatched at that instant.  This assumption is consistent with our simulations which 

only account for imperfect forecast of load and wind power, but do not represent the 

forced outages of conventional coal and natural-gas fired generators. 

The IECM software is used to estimate the CCS energy penalty, capital costs and 

O&M costs that would result if plants are [87] retrofitted with post-combustion amine-

based CCS with a 90% capture rate. Capital costs and Annual Operating Expenses 

(AOE) of wind farms are from [105]. For wind-coal hybrid units (with co-located wind 

units), it is assumed that additional transmission capacity is not added to the system 

when the wind farm is installed. Only the spare transmission capacity resulting from the 

CCS retrofit in the existing coal plant is used to connect an optimally sized wind farm to 

the power system. Costs of building additional transmission lines for comparative 

analysis of power system operation with and without co-located wind farms in flexible 

CCS retrofits is obtained from [106]. 
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4.3.2 Method 

Five of the most efficient, largest coal units in the test system are assumed to be 

retrofitted with flexible post-combustion amine based CCS technology. This assumption 

is made because large efficient coal units are more likely to be retrofitted with CCS. 

Current trends in planned retirements of coal units indicate that smaller, inefficient coal 

units are more likely to be retired and replaced [107]. The linear optimization framework 

presented in section 3.3 is used to identify the optimal size of the co-located wind farms, 

lean amine, and CO2-rich amine storage tanks, and maximum rate of enhanced 

regeneration to enable simultaneous regeneration of stored and currently generated 

CO2-rich amine solution for the five chosen units. The linear model uses forecasts of 

wind data from the closest EWITS wind site within the MISO boundary and forecasts of 

market clearing prices as obtained by running the StdMC-Env and RCMC-Env models 

for the test system with conventional CCS retrofits in the five largest and most efficient 

coal units. The following tables summarize the configuration of the 5 hybrid systems as 

obtained by the linear model.  



 

78 

 

Table 7: Size of Component Units of the 5 Hybrid Systems in the Test Grid as 

obtained from the linear optimization model for low and high wind scenarios. 

Oris id of 

Coal-fired 

Generator 

as per eGrid 

[27]  

Nameplate 

Capacity 

before CCS 

retrofit 

(MW) 

Size of Wind 

Farm for the 

High Wind 

Case (MW) 

Size of Wind 

Farm for the 

Low Wind 

Case (MW) 

Size of Amine 

Storage Tank (in 

equivalent hours of 

continuous storage 

without 

regeneration) 

(Hours) 

Scaling Factor by 

which Compression 

and Regeneration 

Units needs to be 

Scaled Up 

        
High 

Wind 

Low 

Wind 

High 

Wind 

Low 

Wind 

856 363.6 75.3 12.5 2.0 1.0 2.0 1.1 

6098 456.0 110.3 29.3 5.0 1.0 2.2 1.1 

994 574.3 98.5 25.3 5.0 1.0 2.2 1.1 

1082 725.8 151.2 44.1 6.0 1.0 2.7 1.1 

1733 822.6 180.1 99.4 6.0 2.0 2.7 1.6 

 

Please refer to Appendix C section 13 for further details on input data used in the 

linear model.   

As mentioned previously, the analysis of the test system with CCS retrofits is 

performed when the average system emission rate is assumed to be constrained to less 

than or equal to 1000 lbs/MWh. Section 4.4.1 reports cost of CO2 capture obtained for 

different configurations of flexible CCS operation in the wind-coal hybrid system –these 

values indicate the minimum CO2 tax that needs to be imposed if the hybrid system is 

going to recover its costs of abating carbon. In the absence of CO2 emission regulations 
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Figure 6: Overview of method used to model the operation of the flex-CCS 

with wind hybrid system within the MISO test system 

imposing constraints on emissions rates, or CO2 taxes, current capital and operational 

expenses of CCS make it impossible for the units retrofitted with CCS to recover costs.         

Three baseline models representing StdMC-Env day-ahead unit commitment (B-

DAUC), day-ahead economic dispatch (B-DAED), and real-time economic dispatch (B-

RTED) are implemented assuming MISO is a competitive market where all generators 

bid their marginal costs. A single iteration of the B-DAUC/B-DAED model uses day-

ahead forecasts of load and wind generation to produce co-optimized hourly 

Plant level optimization model to 

determine optimal system configuration 

for the hybrid system* 

Forecasts of electricity 

prices and wind power

Cost estimates for CCS 

retrofits and wind farms, fuel 

costs, and  non-fuel O&M 

costs of the coal unit

Optimal size of co-located wind 

farm

Optimal size of amine storage 

tank and scale factor  for 

enhanced regeneration to enable 

flexible, post-combustion amine-

based CCS operation 

5 of the largest, most efficient coal units are selected for 

conversion to the hybrid system via CCS retrofit and co-

location with a wind farmRepeat module for each hybrid 

unit in the power system

Production cost-based UC/ED model for power system operation and costs with and without RC pricing

Day-ahead load and wind 

power forecasts

Marginal, no-load and start-up 

costs of generators

Day Ahead Unit 

Commitment Model 

Day Ahead Economic 

Dispatch Model 

Real Time Economic 

Dispatch Model 

Commitment schedule  for individual units

Day-ahead generator dispatch levels and market 

clearing prices for energy produced, spinning 

reserves  available , and URC/DRC procured

Day-ahead storage and regeneration schedules of  

the flexible CCS units

Real-time generator dispatch levels and market 

clearing prices for energy produced, spinning 

reserves  available, and URC/DRC procured

Day-ahead storage and regeneration schedules of  

the flexible CCS units

Real-time load and wind 

power forecasts

Operating characteristics of generators 

(installed capacity, minimum generation level, 

ramp rates and emission rates)
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commitment, generation and reserve schedules, and market prices over a period of 24 

hours. The commitment schedule from the day-ahead market and actual load and wind 

power levels are provided as inputs to the B-RTED model, which then provides as 

outputs least-cost generation and reserve schedules, and market prices for a single 10-

minute interval (without considering future forecasts). A complete one-day simulation 

consists of one iteration of each of B-DAUC and B-DAED and 144 (i.e. 6 intervals/hour × 

24 hours) runs of B-RTED.  

The RCMC process is represented with a modified UC-ED model that includes 

the RC products. Table 8 demonstrates the differences between the StdMC-Env and 

RCMC-Env operation of the day-ahead Unit Commitment and real-time Economic 

Dispatch models. The day-ahead Economic Dispatch model is identical to the real-time 

Economic Dispatch model except that it has a planning period of 24 hours and a time 

resolution of 1 hour.  

Table 8: Summary of problem formulation for Day Ahead Unit Commitment 

and Real Time Economic Dispatch models with RC pricing and constraint on average 

power system emission. Changes made to the models for incorporating URC/DRC 

products are in italics . Changes made to the models for incorporating the hybrid flex-

CCS with wind units are in bold. The system emission constraint is underlined.     

Day-ahead Unit Commitment Model Real-time Economic Dispatch Model 

Planning Period: 24 hours 

Interval: 1 hour 

Planning Period: 10 minutes 

Interval: 10 minutes 
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Minimize: 

Generation Costs* + Spinning Reserve 

Costs + Startup Costs + Fixed Costs + 

OverGenerationPenalty + 

UnderGeneration Penalty + Scarcity of 

Reserves Penalty – Benefits of Procured 

URC– Benefits of Procured DRC  

Subject to: 

• Energy Generated = Forecasted Net 

Load 

• Reserves Available >= Reserves 

Required 

• System URC Procured <= URC Target 

• System DRC Procured <= DRC Target 

• Sum of Generator URC >= System 

URC Procured 

• Sum of Generator DRC >= System 

DRC Procured 

• (Total CO2 Emission of the Power 

Minimize: 

Generation Costs* + Spinning Reserve 

Costs + Startup Costs + Fixed Costs + 

OverGenerationPenalty + 

UnderGeneration Penalty + Scarcity of 

Reserves Penalty – Benefits of Procured 

URC– Benefits of Procured DRC  

Subject to: 

• Energy Generated = Forecasted Net 

Load 

• Reserves Available >= Reserves 

Required 

• System URC Procured <= URC Target 

• System DRC Procured <= DRC Target 

• Sum of Generator URC >= System 

URC Procured 

• Sum of Generator DRC >= System 

DRC Procured 

• (Total CO2 Emission of the Power 
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System / Total Generation) = Limit 

on Average CO2 Emission Rate 

•  Amine Storage System 

Constraints: 

– Storage operation 

constrained by size of tank 

– Rate of Regeneration of 

stored CO2 rich amine  

• Generator constraints 

• Ramp rates (Accounting for URC and 

DRC and additional ramp capability 

due to Flex-CCS where applicable) 

• Min up/down time 

• Min/Max Generation (Including 

URC and DRC and additional ramp 

capability due to Flex-CCS where 

applicable) 

Output: 

 Planned hourly day-ahead generator 

System / Total Generation) = Limit 

on Average CO2 Emission Rate 

•  Amine Storage System 

Constraints: 

– Storage operation 

constrained by size of tank 

– Rate of Regeneration of 

stored CO2 rich amine  

• Generator constraints 

• Ramp rates (Accounting for URC 

and DRC and additional ramp 

capability due to Flex-CCS where 

applicable) 

• Min up/down time 

• Min/Max Generation (Including 

URC and DRC and additional ramp 

capability due to Flex-CCS where 

applicable) 

Output: 
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schedules for: 

- Commitment (on/off) 

- Energy Produced 

- Spinning Reserves Provided 

- URC/DRC 

- Rate of storage and 

regeneration of CO2-rich 

amine solution  

 

 

 Generator dispatch levels for: 

– Energy Produced 

– Spinning Reserves Available  

– URC/DRC 

 Market Clearing Price for 

– Energy 

– Spinning Reserves 

– URC/DRC 

– Rate of storage and 

regeneration of CO2-rich 

amine solution  

* When modeling the operation of a power system including flex-CCS with wind 

hybrid units the generation costs include additional operation and maintenance costs 

due to flexible CCS operation, and annual operating expenses of the co-located wind 

farm  

 

The two primary inputs to the RCMC model, the up and down capability 

requirements RCUpDCMaxt and RCDownDCMaxt (called URC target and DRC target in 

Figure 1) are defined in the real time as: 
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RCUpDCMaxt = max{FNetLoadt+1 − ActNetLoadt + RTUncertupt+1
, 0}                              (1) 

RCDownDCMaxt = max{ActNetLoadt − FNetLoadt+1 + RTUncertdownt+1
, 0}                     (2)  

In the day-ahead market, the definition becomes: 

RCUpDCMaxt = max {(FNetLoadt+1 − FNetLoadt) x
RampResponseTime

IntLength
+ DAUncertupt

, 0} (3)                                                                 

RCDownDCMaxt =

max {(FNetLoadt − FNetLoadt+1) x
RampResponseTime

IntLength
+ DAUncertdownt

, 0} (4) 

Where: 

RCUpDCMaxt  : The targeted amount of up-ramp capability (URC) in 

interval t [MW] 

RCDownDCMaxt  : The targeted amount of down-ramp capability (DRC) in 

interval t[MW] 

FNetLoadt+1  : Forecasted Net Load at time t for period t+1 (Forecasted 

Demand- Forecasted Variable Generation) 

ActNetLoadt  : Actual Net Load at time t (Actual Demand - Actual 

Variable Generation) 

RTUncertupt+1
  : Estimated upward uncertainty at time t of forecasted net 

load for period t+1 

RTUncertdownt+1
  : Estimated downward uncertainty at time t of forecasted 
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net load for period t+1 

DAUncertupt
  : Estimated RT upward uncertainty during interval t  

DAUncertdownt
  : Estimated RT downward uncertainty during interval t  

RampResponseTime  : Response time for ramp capability (used in day-ahead 

models) [minutes] 

IntLength  : Length of interval [minutes] 

RampResponseTime = Real Time IntLength =  10 minutes  

Day Ahead IntLength =  60 minutes  

Details of the calculation of up and down capability requirements are available in 

section 7 of Appendix C. The difference in the real-time and day-ahead RC formulations 

stems from their differing time resolution (i.e. 10 minute intervals for the real-time and 

60 minute intervals for the day-ahead). The real-time model procures RC such that it can 

meet the forecast and uncertainty for the following real-time intervals. Conversely, the 

day-ahead model obtains RC to ensure that there is sufficient flexibility within each day-

ahead interval to offset real-time variability and uncertainty that will occur when the 

generating units committed in the day-ahead market are used to supply actual load in 

the more volatile real-time market with higher time resolution.  

The uncertainty estimates are dependent on the time-regime T to which the time 

interval belongs. The historical time series of ActNetLoadt and FNetLoadt is partitioned 

into 24 different time-regimes T corresponding to three seasons (winter, spring/fall, and 
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summer), four time-of-day periods  (morning, midday, evening, and night) and two day 

types (weekday and weekend). The   uncertainty estimates are obtained as follows:  

RTUncertupt+1
= UncUpPctT  ×  FNetLoadt+1                                                                         (5)              

RTUncertdownt+1
= UncDownPctT  ×  FNetLoadt+1                                                                (6) 

DAUncertupt
= UncUpPctT  ×  FNetLoadt                                                                                (7)              

DAUncertdownt
= UncDownPctT  ×  FNetLoadt                                                                       (8) 

UncUpPctT = AvgErrorPctT + 2 × SDErrorPctT                                                                      (9)    

UncDownPctT = AvgErrorPctT − 2 × SDErrorPctT                                                               (10)       

Here AvgErrorPctT and SDErrorPctT are the average and standard deviation of a 

time series of ErrorPctt  values estimated from the time-series of RT ActNetLoadt and RT 

FNetLoadt as: 

ErrorPctt+1 = (ActNetLoadt+1 − FNetLoadt+1) FNetLoadt+1⁄                                             (11) 

Defined in this way, RCUpDCMaxt and RCDownDCMaxt are the upper bounds 

of ~95% confidence intervals for ramp requirements, under the assumption that they 

follow a normal probability distribution (see section 7 of Appendix C). 

In order to assess the implications of the operation of hybrid wind-coal units 

with flexible CCS retrofits, analyses for the following six configurations of the hybrid 

system operation are performed: 
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Table 9: Assumptions corresponding to six possible configurations of the coal-

fired generation fleet, analyzed to explore the benefits of flexible CCS operation with 

and without co-location of wind when ramp capability pricing is available 

System’s state of 

CCS penetration 

Assumptions 

Baseline No coal units with CCS retrofits are present in the system.  

There are 18 coal units (installed capacity: 3986.7 MW  which 

corresponds to ~57% and ~50% of total system capacity under 

high and low wind scenarios respectively) and 25 natural gas 

units (installed capacity: 2399.2 MW which corresponds to ~35% 

and ~30% of total system capacity under high and low wind 

scenarios respectively) in the system.  

The high and low wind systems for this scenario have installed 

capacities of 1585 MW and 525 MW (which corresponds to ~20% 

and ~8% of total system capacity under high and low wind 

scenarios respectively).  

There is no constraint on system average CO2 emission rate.  

CCS Five of the most efficient, largest coal units in the test system are 

assumed to be retrofitted with continuously operating, 

conventional post-combustion amine based CCS technology 

(Installed Capacity: 2706.9 MW- corresponding to ~34% and 

~39% of total system capacity during high and low wind 

scenarios, and 74% of coal fired capacity). Wind farms are not 

co-located with the coal units with CCS retrofits. 

There are 13 coal units without CCS retrofits (installed capacity: 

1497.5 MW) and 25 natural gas units (installed capacity: 2399.2 

MW) in the system.  

The high and low wind systems are identical to Baseline 

scenario.  

The system average CO2 emission rate is capped at 1000 
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lb/MWh. 

CCSOnOff Five of the most efficient, largest coal units in the test system are 

assumed to be retrofitted with post-combustion amine based 

CCS technology (Installed Capacity: 2399.2 MW) with the ability 

to completely shut down the CCS unit. Wind farms are not co-

located with the coal units with CCS retrofits. 

The number and installed capacity of coal units without CCS 

retrofits and natural gas units, high and low wind systems, and 

system average CO2 emission rate are identical to the CCS 

scenario.  

FlexCCS Five of the most efficient, largest coal units in the test system are 

assumed to be retrofitted with flexible post-combustion amine 

based CCS technology (Installed Capacity: 2399.2 MW) using 

amine storage technology. Wind farms are not co-located with 

the coal units with CCS retrofits. 

The number and installed capacity of coal units without CCS 

retrofits and natural gas units, high and low wind systems, and 

system average CO2 emission rate are identical to the CCS 

scenario. 

FlexCCSWithWind Five of the most efficient, largest coal units in the test system are 

assumed to be retrofitted with flexible post-combustion amine 

based CCS technology (Installed Capacity: 2399.2 MW) using 

amine storage technology. Optimally sized wind farms are co-

located with the coal units with CCS retrofits (Installed 

Capacity: 615.4 MW and 210.6 MW for high and low wind 

systems respectively). 

The number and installed capacity of coal units without CCS 

retrofits and natural gas units, high and low wind systems, and 

system average CO2 emission rate are identical to the CCS 

scenario. 

FlexCCSRemoteWind Five of the most efficient, largest coal units in the test system are 

assumed to be retrofitted with flexible post-combustion amine 
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based CCS technology (Installed Capacity: 2399.2 MW) using 

amine storage technology. Wind farms are not co-located with 

the coal units with CCS retrofits. 

Additional capacity equal to total nameplate capacity of co-

located wind farms in the FlexCCSWithWind category is 

assumed to be available for the high and low wind energy 

systems (Installed Capacities: 2200.4 MW and 735.6 MW for high 

and low wind systems respectively).  

The number and installed capacity of coal units without CCS 

retrofits and natural gas units, and system average CO2 emission 

rate are identical to the CCS scenario. 

 

4.4 Results 

Sections 4.4.1 – 4.4.7 compare the performance of the six different conditions of 

the systems regarding the availability, type and operation of CCS equipment, in terms of 

costs of CO2 abatement, weighted average levelized cost of electricity of the five CCS 

units in the system, spinning reserve shortage and energy shortage intervals, market 

clearing prices, revenue sufficiency guarantee payments, and system costs. In general, 

availability of ramp capability pricing enables distinct reductions in cost of CO2 

abatement in the system. Co-location with wind farms in the category 

‘FlexCCSWithWind’ leads to reduced system costs relative to the ‘FlexCCSRemoteWind’ 

category for the same level of CO2 emissions (refer to section 11 of Appendix C 

corresponding to this chapter). This is primarily because relatively lower spinning 

reserve requirements and spinning reserve shortage penalty payments in the 
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simulations for ‘FlexCCSWithWind’ category of hybrid systems. Increased flexibility of 

operation due to various categories of CCS operation and wind farm co-location 

demonstrates marginal decrease in levelized costs. Increased flexibility of operation is 

found to encourage higher values of annual generation to offset increasing levels of 

wind power penetration in the simulations for the ‘FlexCCSRemoteWind’ and 

‘‘FlexCCSWithWind’ categories.  

4.4.1 Cost of CO2 Abatement in the MISO Test System  

Cost of CO2 Abatement =
Total CostsScenario X−Total CostsBaseline

CO2 EmissionsBaseline−CO2 EmissionsScenario X
 

 

Table 10: Cost of CO2 Abatement for varying degrees of flexibility of CCS 

operation and different levels of wind power penetration 

Category Cost of CO
2
 Abatement ($/ton)  

Baseline: Test System operates without CCS, without any 

constraint on average CO
2
 emission rate of the system and no 

ramp capability pricing for corresponding high/low wind 

scenario 

With Ramp Capability Pricing  Without Ramp Capability 

Pricing  

  High Wind Low Wind High Wind Low Wind 

CCS 61.0 68.1 72.1 72.6 

CCSOnOff 60.5 67.6 71.7 72.0 

FlexCCS 60.2 67.3 71.0 71.9 

FlexCCSWithWind 59.4 66.8 70.8 71.2 

FlexCCSRemoteWind 59.9 67.1 71.5 71.4 
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Table 10 shows that ramp capability pricing, wind penetration, and CCS 

flexibility are all factors affecting the CO2 abatement cost but at different levels.  The 

most significant reduction in the cost of CO2 abatement within the system, is attributed 

to the existence of ramp capability pricing. Note that both the FlexCCSWithWind and 

FlexCCSRemoteWind configurations include capital (~1710$/kW) and operational costs 

(~15$/kWh) for the additional wind power as reported by the National Renewable 

Energy Laboratory in [105]. However, the FlexCCSRemoteWind configuration indicates 

a slightly higher cost of CO2 abatement relative to the FlexCCSWithWind configuration 

for various assumptions on wind power penetration and availability of RC pricing. This 

is because higher system costs are incurred for cases when additional remote wind 

(FlexCCSRemoteWind) is available rather than co-locating the same amount of wind 

with the hybrid system (FlexCCSWithWind). The higher cost in the 

FlexCCSRemoteWind configuration is primarily due to higher values of spinning 

reserve costs and penalty payments due to spinning reserve scarcity relative to the 

FlexCCSWithWind case. Chapters 2 and 3 of this thesis demonstrate that the flexible 

CCS unit in the hybrid system can allow the hybrid system to operate as a baseload unit 

even when it contains an optimally sized co-located wind farm, as is the case with the 

FlexCCSWithWind configuration. On the other hand, when additional wind farms are 
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installed as independent units within the test system, this requires additional spinning 

reserves and may cause the test system to incur extra penalties due to increased 

spinning reserve scarcity in the system. Please refer to section 14 of Appendix C for 

reported values of spinning reserve costs and scarcity penalty payments for the different 

configurations.   

 A comparison of costs of CO2 abatement between the FlexCCS configuration, the 

FlexCCSWithWind configuration, and FlexCCSRemoteWind configuration allow 

assessing  the effect of increased wind penetration with and without co-location of wind 

farms. Lower costs are incurred in the FlexCCS configuration relative to the other two 

because these two configurations require additional expenses for new wind farms. 

However, both FlexCCSWithWind and FlexCCSRemote wind capture higher values of 

CO2 emissions. Overall, the relative increase in CO2 emissions is higher than the relative 

increase in costs, and so the cost of abatement of CO2 is higher in the FlexCCS 

configuration relative to the FlexCCSWithWind configuration. As mentioned earlier, 

higher costs are incurred in the FlexCCSRemoteWind configuration relative to the 

FlexCCSWithWind configuration. However, the CO2 captured is identical for both of 

these configurations. As a result, the cost of CO2 abatement is lower in the 

FlexCCSWithWind configuration relative to the FlexCCSRemoteWind configuration. 
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Finally, we observe only very modest improvements in the cost of carbon abatement 

with increased flexibility of CCS units.  

4.4.2 Weighted Average of the Levelized Cost of Electricity in the 
MISO Test System  

The Levelized Cost of Electricity (LCOE) of each hybrid unit for different CCS 

configurations, measures the costs incurred by the individual retrofitted coal units, 

while the cost of CO2 abatement as reported in section 4.4.1 provides an estimate of the 

total power system cost of operation. For each individual hybrid system, the levelized 

cost of electricity is calculated as follows. 

Levelized Cost of Electricity ($/MWh) =
Annual Levelized Capital Costs for CCS Retrofit and Wind Farm 

Annual Generation 
  

 

                                  +
Annual fixed and variable O&M costs + Fuel Costs

Annual Generation
 

Note that variable costs and fuel costs incurred by the hybrid system depend upon the 

amount of power it generates, which is an output of the modified UC-ED models 

described in Table 8, and hence costs are sensitive to wind power penetration levels, and 

configuration of hybrid systems (which depend upon electricity price and forecasted 

wind power variations in the input data set provided to the linear model described in 

page 78, section 4.3.2).    
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Table 11: Levelized Cost of Electricity weighted by installed capacity for 

varying degrees of flexibility of CCS operation and different levels of wind power 

penetration 

Category 

Weighted Average Levelized Cost of Electricity ($/MWh) of the 5 

Hybrid Units 

 

 

With Ramp Capability Pricing  Without Ramp Capability Pricing  

High Wind Low Wind  High Wind Low Wind 

CCS 

119.4 

 (117.3-120.8) 

119.8 

(117.3-122.3) 

119.4 

 (117.3-120.8) 

119.8 

(117.3-122.3) 

CCSOnOff 

118.5 

(115.9-119.4) 

118.6 

(116.1-118.7) 

119.1 

(116.2-122.2) 

118.8 

(116.1-118.8) 

FlexCCS 

115.9 

(112.1-119.1) 

116.6 

(112.2-120.3) 

117.4 

(113.5-120.8) 

117.5 

(113.5-121.4) 

FlexCCSWithWind 

116.9 

(113.7-119.5) 

117.9 

(114.2-119.9) 

118.6 

(114.7-121.7) 

118.8 

(115.1-121.4) 

FlexCCSRemoteWind 

115.3 

(111.7-118.4) 

115.8 

(112-119.2) 

116.6 

(113.8-119.2) 

117.1 

(114.4-119.9) 

 

 Table 11 shows the average of LCOE values for the 5 retrofitted plants, weighted 

by their nameplate capacity.  The numbers in parenthesis correspond to the highest and 

lowest LCOE values from the set of five LCOE values for the five hybrid systems under 

different wind power penetration cases, and availability of RC pricing. These results 

indicate that as expected, the LCOE of the retrofitted plants is affected by availability of 

RC pricing, allowed flexibility of CCS operation, and wind power penetration levels, but 

in different proportions. Improved flexibility of CCS operation results in a decrease of 

average LCOE values by 0.3% (CCSOnOff configuration, without RC pricing, HW 
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scenario) to 3% (CCSOnOff configuration, without RC pricing, HW scenario) relative to 

average LCOE values of hybrid in respective CCS configurations.  For average LCOE 

values of different configurations, the LCOE value is the lowest for the 

FlexCCSRemoteWind configuration since the increased wind power penetration levels 

encourage increased generation levels of the coal units with flexible CCS retrofits 

without the hybrid system itself incurring additional capital costs for the co-located 

wind farm. The LCOE values of the FlexCCSWithWind configurations are higher than 

FlexCCSRemoteWind since the hybrid system incurs additional capital and operation & 

maintenance costs from the co-located wind farm. However, note that the total power 

system capital costs (as used for the CO2 abatement cost calculations in section 4.4.1) 

corresponding to additional wind power are the same for the FlexCCSRemoteWind, and 

the FlexCCSWithWind configurations. Availability of RC pricing for flexible CCS 

configurations further reduce LCOE values relative to the hybrid systems operating in 

the CCS configuration. For the FlexCCSRemoteWind configuration, the weighted 

average LCOE value reduces by ~3.4% in the high wind case with RC pricing, as 

compared to a reduction of ~2% in the high wind case when RC pricing is not available.    

 Although the previous two results on system’s cost of abatement and cost of 

electricity from the retrofitted plants suggest only marginal benefits from flexible 

operation of CCS, other market outcomes explored below, offer a more promising 
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picture.   Sections 4.4.3-4.4.8, however, show significant benefits of increased flexibility 

of CCS operation in terms of avoiding spinning reserve scarcity, energy shortage and 

out-of-market revenue sufficiency guarantee payments. Sections 4.4.3- 4.4.8 report 

results for the High Wind scenario where RC pricing is available, since the relative 

changes in performance between the different categories is the most significant under 

high wind conditions with the availability of RC pricing. 

4.4.3 Spinning Reserve Scarcity Events 

 

Figure 7: Number of time intervals with spinning reserve scarcity events, 

expressed as percentage of total intervals, for different configurations of hybrid 

system operation in the test system, high wind scenario with RC pricing.  
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 The number of intervals of spinning reserve scarcity expressed as a 

percentage over the total number of time periods in the planning horizon is one possible 

metric that can be used for assessing power system reliability. Lower percentage 

intervals of spinning reserve scarcity indicate more reliable power systems. As can be 

seen in Figure 7, for all three representative months the FlexCCS configuration 

demonstrates the lowest percentage intervals of spinning reserve scarcity- flexible 

operation of CCS results in 2%(FlexCCS, July relative to Baseline, July) to 6% (FlexCCS, 

January relative to Baseline, January) reduction of spinning reserve scarcity intervals 

relative to corresponding baseline configurations. Incorporation of more wind in the 

system by co-location with coal-units that have flexible CCS retrofits (as is the case for 

the FlexCCSWithWind configuration) or by including additional independent wind 

farms in the test system (as is the case for the FlexCCSRemoteWind configuration) leads 

to 1% (FlexCCSWithWind, January relative to FlexCCS, January) to 3% 

(FlexCCSRemoteWind, July relative to FlexCCS, July) increase in percentage spinning 

reserve scarcity events relative to corresponding FlexCCS configurations due increased 

intermittency of wind power in the system. 

4.4.4 Energy Shortage Intervals 

The number of time intervals when the supply of electricity is less than demand 

(i.e., energy shortage) expressed as a percentage of the total number of time periods in 
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the planning horizon, is another metric that can be used for assessing power system 

reliability. Less energy shortage events indicate more reliable power systems. As can be 

seen in Figure 8, for all three representative months the FlexCCS configuration 

demonstrates the lowest percentage intervals of energy shortage- flexible operation of 

CCS results in 1.7% (FlexCCS, April relative to Baseline, April) to 3%(FlexCCS, July 

relative to Baseline, July)  reduction of energy shortage intervals relative to baseline.  

 

Figure 8: Percentage of total intervals corresponding to energy scarcity events 

for different configurations of operation of hybrid system operation in the test 

system, high wind scenario with RC pricing.  

Incorporation of more wind in the system by co-location with coal-units that 
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FlexCCSRemoteWind configuration) leads to 0.4% (FlexCCSWithWind, April relative to 

FlexCCS, April) to 2% ((FlexCCSRemoteWind, July relative to FlexCCS, July)  increase in 

the number of energy shortage events relative to the FlexCCS configuration, due 

increased intermittency of wind power in the system. 

4.4.5 Market Clearing Prices 

 

Figure 9: Average Market Clearing Prices during non-shortage intervals for 

different configurations of operation of hybrid system operation in the test system, 

high wind scenario with RC pricing.  

The average market clearing prices during non-shortage intervals are obtained 
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system. Figure 9 shows the effects of the different CCS configurations on market clearing 

prices. In general, market clearing prices are the lowest for the baseline since for all other 

configurations additional operation and maintenance costs are incurred due to operation 

of CCS retrofit and/or additional wind units in the system. As can be seen in Figure 9, 

for all three representative months, the FlexCCS configuration results in the lowest 

increase of market clearing prices relative to baseline; flexible operation of CCS results in 

2.0%(FlexCCS, July relative to Baseline, July)  to 4% (FlexCCS, April relative to Baseline, 

April) increase relative to baseline.  Incorporation of more wind in the system by co-

location with coal-units that have flexible CCS retrofits (as is the case for the 

FlexCCSWithWind configuration) or by including additional independent wind farms in 

the test system (as is the case for the FlexCCSRemoteWind configuration) leads to 8% 

(FlexCCSWithWind, July relative to Baseline, July) to 10%(FlexCCSRemoteWind, April 

relative to Baseline, April) increase in market clearing prices relative to baseline due 

increased intermittency of wind power in the system. However, this increase is still 

lower than the observed with the conventional CCS retrofit (i.e., CCS configuration). 
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4.4.6 Revenue Sufficiency Guarantee Payments 

 

Figure 10: Revenue Sufficiency Guarantee (RSG) payments for different 

configurations of operation of hybrid system operation in the test system, high wind 

scenario with RC pricing. RSG payments are out-of-market adjustments made to 

ensure that committed generators recover costs due to start-up, no-load and 

incremental energy offer 

 

RSG payments are out-of-market adjustments made to ensure that committed 

generators recover costs due to start-up, no-load and incremental energy offer (refer to 

section 10 Appendix C for details of calculation of RSG payments). While necessary to 

ensure revenue adequacy for power generating units, these payments make the market 

less transparent and fail to send adequate signals for investment. Hence a system that 

results in lower RSG payments is preferable.  
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Similar to the trends discussed in sections 4.4.3-4.4.7 we observe the FlexCCS 

being superior to the other configurations, in that it results in the lowest RSG payments.  

There is 0.4% (FlexCCSWithWind, April relative to FlexCCs, April) to 4% 

(FlexCCSRemoteWindWind, July relative to FlexCCS, July) increase in RSG payments 

relative to FlexCCS configuration from incorporation of additional wind power in the 

system, in the FlexCCSWithWind and FlexCCSRemoteWind case. Revenue sufficiency 

guarantee payments are always observed to be lower for flexible CCS configurations 

relative to baseline. 

4.4.7 Total System Costs 

 

Figure 11: Total system costs for different configurations of operation of 

hybrid system operation in the test system, high wind scenario with RC pricing.  
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 Total system costs involve fuel cost, operation and maintenance costs of 

conventional generators, capital, operation and maintenance costs of the CCS retrofits 

and additional wind units (where applicable). As expected, the total system costs of all 

CCS configurations are higher than baseline. Lowest increase in system costs are 

observed for the FlexCCS configuration, and 1% (FlexCCSWithWind, January relative to 

Baseline, January) -10% (FlexCCSRemoteWind, July relative to Baseline, July) increase 

relative to FlexCCS configuration is observed for incorporation of additional wind 

power in the system, in the FlexCCSWithWind and FlexCCSRemoteWind case. 

4.4.8 Comparison of LCOE values with alternate technologies 

 

Figure 12: Comparison of the average LCOE values of the five CCS 

configurations with that of alternate technologies. Results are reported for the high 

wind case with RC pricing available in the test system 
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This section presents a comparison of the levelized cost of electricity among 

different sources of low-carbon electricity, and identifies conditions of operation of each 

of these technologies when their LCOE values are comparable to that of the hybrid 

system. Assuming a coal price of 2.32 $/MBtu, the hybrid system configurations have 

average LCOE values that are comparable to that of new NGCC units with CCS only for 

high estimates of natural gas prices at ~10 $/MBtu. LCOE values of new IGCC units with 

CCS are comparable to those of the hybrid systems. Onshore wind farms have LCOE 

values lower than that of the hybrid systems but these estimates do not include any 

additional penalty payments that wind farms might incur as a result of changes in real-

time available generation relative to day-ahead bids [108]. Solar PV with capacity factors 

lower than 25% has higher LCOE than the hybrid systems [67]. 

4.5 Discussion 

Figure 11 indicates that total power system costs of meeting electricity demand 

(including the capital and O&M costs of CCS retrofits and additional wind farms) with 

flexible CCS configuration are lower than those of the FlexCCSWithWind and 

FlexCCSRemoteWind configurations. However, increased wind power penetration leads 

to greater reduction of power system CO2 emissions.  Figure 13 demonstrates that even 

though higher total power system costs are incurred due to increased wind power 

penetration levels in the FlexCCSWithWind and FlexCCSRemoteWind scenarios, these 
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scenarios also lead to higher reductions in power system CO2 emissions. When 

comparing FlexCCSWithWind configuration with the FlexCCSRemoteWind 

configuration it is observed that the same CO2 emission reductions are obtained in the 

FlexCCSWithWind case relative to baseline. Costs are higher in the 

FlexCCSRemoteWind than for the FlexCCSWithWind configuration due to higher costs 

from provisioning spinning reserves and or penalties for reserves shortages. 

 

Figure 13: Percentage change in system costs and CO2 emissions relative to 

baseline for the different CCS configurations, with and without ramp capability 

pricing 

The benefits of increased CO2 capture become evident when they are monetized. 

Calculations indicate that when the social cost of carbon is ~ 44 USD/ton, the total power 

system costs of the FlexCCSWithWind configuration are lower than those of all other 
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configurations considered. This value for the social cost of carbon was obtained through 

parametric search by assuming identical dispatch schedules for different values of social 

cost of carbon for any given configuration 

Cost comparisons of the different flexible CCS operations with alternate energy 

storage technologies [109] indicate that the LCOE of the hybrid systems are lower than 

those of most conventional storage systems capable of storing electric power in the 

range of 50-300 MW (mainly CAES and Pumped Hydro) [109]. CAES and Pumped 

Hydro Storage technologies are estimated to have LCOE values greater than or equal to 

2000$/MWh, and 5000 $/MWh respectively [109]. Also continuous cycling of large scale 

battery systems could lead to significantly higher levelized costs of electricity (the 

levelized cost of electricity in CAES systems were reported to show 1-2% increase in 

levelized costs with every cycle operation [109]). 

In sum, the results presented show benefits from the operation of flexible CCS 

units in regions with ramp capability pricing, with distinct improvements in Spinning 

Reserve Scarcity, Energy Shortages, out-of-market revenue sufficiency guarantee 

payments. While power system CO2 emission restrictions or an adequate value of CO2 

tax is essential for successful deployment of this new hybrid technology, it is fair to say 

that this system as a suitable bridge technology to transition the current power system to 

more sustainable, low-carbon sources of power. Further analysis with varying 
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assumptions on Capital and O&M costs of the CCS retrofits and that of onshore wind 

farms, availability of Production Tax Credits for co-located wind farms, and the 

variability of load and intermittent resources could shed more light on the sensitivity of 

the test system performance when coal plants are retrofitted with flexible operation CCS. 

4.6 Conclusion 

Quantification of the economic, environmental and reliability outcomes of 

flexible CCS operation with and without co-located wind, indicated marginal benefits in 

system CO2 abatement costs and levelized costs of electricity of the hybrid CCS-wind 

units. However, significant benefits in terms of reductions in spinning reserve scarcity, 

energy shortage, and out-of-market revenue sufficiency guarantee payments were 

observed for the different categories of flexible CCS operation relative to the baseline.   
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Appendix A: Supporting Information for Chapter 2 

List of abbreviations and definition of variables and parameters used 

CCS Carbon Capture & Storage 

 

RPS Renewable Portfolio Standards 

 

PTC Production Tax Credit 

 

𝐎𝐰,𝐭  The average dispatched wind power (MW) at every time 

period t 

 

𝐎𝐜,𝐭  The average power generated by the coal plant (MW) in every 

time period including heat energy (in equivalent MW) being 

used for regeneration of CO2-rich amine  

 

𝐎𝐖
𝐦𝐚𝐱  The installed capacity of the onsite wind farm (MW) 

 

𝐱𝐭  The fraction of CO2 capture relative to maximum capture by 

system design at time period t (i.e. xt = 1 means that at time 
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period t, the system is capturing at its maximum capacity). The 

CCS energy penalty is reduced in proportion to the fraction of 

CO2 remaining in the flue gas being released to the atmosphere 

 

𝐋𝐌𝐏𝐭  The average Locational Marginal Price at time period t 

($/MWh) 

 

𝐂𝐟𝐮𝐞𝐥,𝐭  Fuel (i.e. coal) cost ($/MWh) at time period t 

 

𝐂𝐂𝐰𝐢𝐧𝐝  Overnight Capital Cost of the onsite wind farm per MW of 

installed capacity ($/MW) 

 

AOEwind Annual Fixed Operating Expenses of the wind farm ($/MW/yr) 

 

years Number of years in the planning horizon 

 

𝐓  Total number of time periods in the planning horizon 

 

𝐕𝐎𝐌𝐂𝐂𝐒  Variable O&M Cost of CCS per unit capture of CO2 per unit 
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time period ($) 

 

E0 Energy penalty associated with CCS operation at 90% CO2 

capture level for one time period (MW) 

 

𝐎&𝐌𝐜𝐨𝐚𝐥
𝐯𝐚𝐫𝐢𝐚𝐛𝐥𝐞  Variable O&M cost of coal plant apart from fuel costs ($/MWh) 

 

𝛀  Profits of the hybrid system over the planning horizon ($) 

 

𝐂𝐨𝐂  Cost of CO2 Capture ($/ton) 

 

LCOE Levelized Cost of Electricity ($/MWh) 

 

𝐂𝐂𝐂𝐂𝐒  Capital Cost of CCS unit ($)  

𝐅𝐎𝐌𝐂𝐂𝐒  Fixed O&M Cost of the CCS unit ($) 

𝐎&𝐌𝐂𝐨𝐚𝐥  Operation & Maintenance cost of the coal plant including fuel 

costs ($) 

𝐋𝐨𝐑𝐂𝐂𝐒  Loss of revenue due to reduced power output of the plant as a 

result of energy penalty associated with CCS operation ($) 
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𝐂𝐎𝟐𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧 𝐑𝐚𝐭𝐞  CO2 emission rate of the coal plant if it were not  retrofitted 

with CCS (tons/MWh) 

𝐄𝐦𝐜𝐚𝐩                      Cap on CO2 emissions from the coal plant (lb/MWh) 

𝐂𝐎𝟐
𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧𝐬 𝐰.𝐨 𝐂𝐂𝐒   The CO2 emission rate from the coal plant when it does not 

have any CO2 emission control mechanism 

𝐇𝐓  The number of hours in each time period (hours) 

𝐎𝐮𝐭𝐩𝐮𝐭𝐯𝐚𝐫𝐢𝐚𝐭𝐢𝐨𝐧𝐬
𝐡𝐲𝐛𝐫𝐢𝐝

  The maximum limit on the hybrid units power output 

fluctuation from one hour to another (MW/hr) 

𝐎𝐜,𝐭
𝐝𝐢𝐬𝐩𝐚𝐭𝐜𝐡𝐞𝐝

  The amount of power dispatched by the coal plant at time 

period  t (MWh) (Oc,t
dispatched

= Oc,t − xt ∗ E0) 

𝐎𝐰,𝐭
𝐚𝐯𝐚𝐢𝐥𝐚𝐛𝐥𝐞  The available wind power forecast for each time period (MWh) 

𝐎𝐜
𝐧𝐚𝐦𝐞𝐩𝐥𝐚𝐭𝐞

  The nameplate capacity of the existing PC plant before the CCS 

retrofit (MW) 

𝐎𝐜
𝐦𝐢𝐧  The minimum stable power generation level for PC plant 

(MW) 

𝐫𝐫𝐜𝐨𝐚𝐥 𝐩𝐥𝐚𝐧𝐭  The ramp rate capability of the PC plant assuming its power 

output never falls below the minimum stable power generation 

level 

APD Average Price Differential 
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MARMAP Mean Aggregated Ramp Magnitude as Percentage of Name 

Plate Capacity 

LMPt Locational Marginal Price at time t ($/MWh) 

𝐏𝐃𝐭  Electricity Price Differential at time t 

𝐏𝐃𝐭𝟎,𝐝𝐭𝟎

𝐑𝐨𝐥𝐥𝐢𝐧𝐠 𝐀𝐯𝐠
  Average of Price Differential during a Trend-Block 

𝐏𝐃𝐌𝐞𝐚𝐧
𝐑𝐨𝐥𝐥𝐢𝐧𝐠 𝐀𝐯𝐠

  The Mean Value of  PDt0,dt0

Rolling Avg
 corresponding to all Trend-

Blocks 

WPt Wind power output at time t (MW) 

H Ramp threshold 

𝐑𝐚𝐦𝐩𝐭(𝐇)  Single Period Ramp Magnitude  

𝐍𝐑𝐚𝐦𝐩𝐓

+ (𝐇)  No. of upward single period ramp events during  T time periods  

𝐍𝐑𝐚𝐦𝐩𝐓

− (𝐇)  No. of downward single period ramp events during  T time periods  

𝐑𝐚𝐦𝐩𝐭𝟎,𝐝𝐭𝟎

𝐚𝐠𝐠𝐫𝐞𝐠𝐚𝐭𝐞𝐝
  Aggregated Ramp Magnitude 

𝐑𝐚𝐦𝐩𝐭𝟎,𝐝𝐭𝟎

 𝐀𝐯𝐠
  Average Ramp Magnitude within an Aggregated Ramp 

𝐏𝐞𝐫𝐜𝐞𝐧𝐭𝐚𝐠𝐞 𝐑𝐚𝐦𝐩 𝐌𝐞𝐚𝐧
𝐀𝐯𝐠

  Average Ramp Magnitude within an Aggregated Ramp of all 

aggregated ramps 

N Set of aggregated ramp events during the time horizon 

I. Simulation of Wind Power Time Series with the same MARMAP value 
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As mentioned in section 3.2 of the paper, wind power simulations were used to analyze 

the performance of the hybrid system for different levels of wind power variability and 

electricity price differentials. These wind power simulations were obtained by using 

SynTiSe, a software based on Markov Chain Monte Carlo methods [76] developed by the 

Modeling Tools for Energy Systems Analysis (MOTESA) research group, a part of the 

Bass Connections initiative at Duke University.  SynTiSe generates a synthetic time 

series of wind power with a similar stochasticity of the observed in the original input 

time series as measured by the pdf, acf, capacity factor and ramping characteristics.  

 

Figure 14: Comparison of the pdf and acf of the simulated and original time 

wind power time series for a 5th order Markov Chain with 10 states. Original wind 

power time series corresponds to data from meso-scale model of EWITS[3] windsite 

#4431 
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Figure 15: Comparison of capacity factors of the simulated and original time 

wind power time series for a 5th order Markov Chain with 10 states. Original wind 

power time series corresponds to data from meso-scale model of EWITS[3] windsite 

#4431 

 

Figure 16: Comparison of Ramping Event Statistics of the simulated and 

original time wind power time series for a 5th order Markov Chain with 10 states. 

Original wind power time series corresponds to data from meso-scale model of 

EWITS[3] windsite #4431. Refer to section 9 for definition of ramp events 

Figure 14, Figure 15, and Figure 16 demonstrate the performance of the 

simulation tool for a 5th order Markov Chain with 10 states used to simulate year-long 

data for input wind power time series of EWITS[3] on-shore wind-site #4431.   

As mentioned in section 3.2 of the paper, for each possible MARMAP value we 

simulated 15 instances of wind power time series using SynTiSe.  Each of these time 



 

115 

 

series was considered as the power output of the wind plant to find optimal 

configurations and operations of the hybrid system under different scenarios with 

varying CO2 emission cap, and APD values.  For each optimal configuration the LCOE, 

CoC, emissions and level of wind power integrations were estimated.  The summary 

statistics (i.e. range, median, and 25% and 75% percentile) are presented in Figures 1 and 

2 of the paper. The root mean square values of the residuals with respect to the 

corresponding sample means are reported in Figure 17 and calculated as follows: 

Root mean square value of the residual with respect to the sample mean: √
∑ (xi−x̅)2n

i=1

n
   

Where: 

n: number of samples in dataset . In this case n=15, since we obtain 15 different synthetic 

time series of wind power corresponding to a given MARMAP value, and hence obtain 

15 observations of each metric (e.g. CoC, LCOE, emissions, wind integration) for each 

scenario.  

x:̅ Sample mean of dataset = sum of the 15 observations of the metric divided by 15. 

xi: ith observation of the metric. (with i ranging from 1 to 15)    
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Figure 17: Standard Deviations and root mean square values of residuals of 

CoC, LCOE, CO2 emissions and size of co-located wind farms for the 15 wind power 

time series simulation inputs to each scenario considered 

II. Coal Prices 

Coal prices are taken from the 2012 Annual Energy Outlook[4] (Table on Total 

Energy Supply, Disposition & Price Summary, and subject filter Coal Supply & Prices, 

Section: Coal Prices (delivered)) for the years 2013 to 2033, from this website: 

http://www.eia.gov/oiaf/aeo/tablebrowser/#release=AEO2012&subject=7-

AEO2012&table=1-AEO2012&region=0-0&cases=ref2012-d020112c 

III. Assumption of operational range in CO2 capture rate 

We assume operators can choose to set the percentage of CO2 capture from the 

flue gas anywhere between 20% and 90%.  

Scenario

Standard 

Deviation 

of CoC 

Values 

($/ton)

Root mean 

square 

value of 

residuals 

for CoC 

($/ton)

Standard 

Deviation 

of LCOE 

Values 

($/MWh)

Root 

mean 

square 

value of 

residuals 

for LCOE 

($/MWh)

Standard 

Deviation 

of CO2 

Emission 

Values 

(lbs/MWh)

Root mean 

square 

value of 

residuals 

for CO2 

Emission 

Values 

(lbs/MWh)

Standard 

Deviation of 

Size of 

Colocated 

Wind Farm 

(MW)

Root mean 

square value 

of residuals 

for Size of 

Colocated 

Wind Farm 

(MW)

CO_2 Emission Cap: 1000 lbs/MWh 10% MARMAP Dominion Hub 2.4 9.1 1.7 6.8 1.7 6.8 1.7 6.8

CO_2 Emission Cap: 1000 lbs/MWh 10% MARMAP AEP General Hub 1.9 7.3 1.3 5.2 1.3 5.2 1.3
5.2

CO_2 Emission Cap: 1000 lbs/MWh 25% MARMAP Dominion Hub 2.9 11.1 2.2 8.3 3.3 12.7 3.3 12.7

CO_2 Emission Cap: 1000 lbs/MWh 25% MARMAP AEP General Hub 2.5 9.8 1.8 7.0 1.0 3.8 4.1
15.7

CO_2 Emission Cap: 1000 lbs/MWh 50% MARMAP Dominion Hub 3.2 12.6 2.3 9.0 0.0 0.0 3.4 13.0

CO_2 Emission Cap: 1000 lbs/MWh 50% MARMAP AEP General Hub 4.2 16.4 3.0 11.7 0.0 0.0 3.0
11.5

CO_2 Emission Cap: 1000 lbs/MWh 98% MARMAP Dominion Hub 6.5 25.3 4.7 18.1 0.0 0.0 4.7 18.1

CO_2 Emission Cap: 1000 lbs/MWh 98% MARMAP AEP General Hub 6.5 25.3 5.4 21.1 0.0 0.0 2.9
11.1

CO_2 Emission Cap: 300 lbs/MWh 10% MARMAP Dominion Hub 1.4 5.5 1.5 5.9 1.5 5.7 2.8 10.8

CO_2 Emission Cap: 300 lbs/MWh 10% MARMAP AEP General Hub 1.7 6.5 1.8 6.9 0.0 0.0 1.8 6.9

CO_2 Emission Cap: 300 lbs/MWh 25% MARMAP Dominion Hub 2.7 10.5 2.9 11.2 0.0 0.0 2.9 11.0

CO_2 Emission Cap: 300 lbs/MWh 25% MARMAP AEP General Hub 2.0 7.9 2.2 8.5 0.0 0.0 2.0 7.7

CO_2 Emission Cap: 300 lbs/MWh 50% MARMAP Dominion Hub 2.3 9.1 2.5 9.7 0.0 0.0 3.1 11.8

CO_2 Emission Cap: 300 lbs/MWh 50% MARMAP AEP General Hub 3.2 12.3 3.4 13.2 0.0 0.0 1.0 3.7

CO_2 Emission Cap: 300 lbs/MWh 98% MARMAP Dominion Hub 3.0 11.7 3.2 12.4 0.0 0.0 0.0 0.0

CO_2 Emission Cap: 300 lbs/MWh 98% MARMAP AEP General Hub 1.8 7.0 1.9 7.5 0.0 0.0 0.0 0.0

http://www.eia.gov/oiaf/aeo/tablebrowser/#release=AEO2012&subject=7-AEO2012&table=1-AEO2012&region=0-0&cases=ref2012-d020112c
http://www.eia.gov/oiaf/aeo/tablebrowser/#release=AEO2012&subject=7-AEO2012&table=1-AEO2012&region=0-0&cases=ref2012-d020112c
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As per current estimates [5] [6], state-of-the-art post-combustion amine based 

systems can capture up to 90% of CO2 in the flue gas. Percentage of capture is not 

allowed to go below 20% of the maximum capture rate to prevent degradation of system 

components and to avoid large start-up times to resume operation after a complete 

shutdown [62] [61]. 

IV. Constraints for Linear Model of the Hybrid System in 'An Alternate Wind Power 

Integration Mechanism: Coal Plants with Flexible Amine-based CCS' 

Definitions for additional parameters: 

Emcap (lb/MWh)                     : Cap on CO2 emissions from the coal plant 

CO2
Emissions w.o CCS (lb/MWh): The CO2 emission rate from the coal plant when it does not 

have  

                                                  any CO2 emission control mechanism 

 HT (hours):                            : The number of hours in each time period  

Outputvariations
hybrid

 (MW/hr)      : The maximum limit on the hybrid units power output  

                                                   fluctuation from one hour to another 

 Oc,t
dispatched

 (MWh)                 : The amount of power dispatched by the coal plant at time  

                                                   period t (Oc,t
dispatched

= Oc,t − xt ∗ E0) 

 Ow,t
available(MWh)                     : The available wind power forecast for each time period 

 Oc
nameplate

 (MW)                    : The nameplate capacity of the existing PC plant before the  
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CCS retrofit 

Oc
min(MW)                               : The minimum stable power generation level for PC plant  

rrcoal plant (MW/hr)                 : The ramp rate capability of the PC plant assuming its  

                                                     power output never falls below the minimum stable  

                                                     power generation level.  

 Constraints: 

i. At any instant of time the amount of CO2 captured cannot exceed the maximum % 

capture set at design (i.e.  xt ≤ 1 ). The capture rate of the CCS unit must be maintained 

within a given range due to reasons mentioned in Part III [62] [61]:  

0.2 ≤ xt ≤ 1  

ii. A maximum annual CO2 emissions level (Emcap lbs/MWh) cannot be exceeded: 

  

CO2
Emissions w.o CCS ∗ ∑{1 − xt ∗ capture rate} ≤ Emcap

T

t=1

 

 

iii. The average hourly wind power in every time period dispatched by the hybrid 

system at all instants of time, should be less than or equal than the installed capacity of 

the wind farm.  

(
   Ow,t

HT
) − Ow

max ≤ 0, ∀ t ∈ {1, … , T} 
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iv. The maximum limit on the hybrid unit’s power output fluctuation must be 

maintained. 

     −Outputvariations
hybrid

≤ ( 
Oc,t

dispatched
+ Ow,t

HT
) − ( 

Oc,t−1
dispatched

+ Ow,t−1

HT
) ≤  Outputvariations

hybrid
 

    

                                                                                                                                             , ∀ t ∈ {2, … , T}  

v. The wind power dispatched should be less than or equal to the available wind power 

forecast for each time period  

     Ow,t ≤ Ow,t
available, ∀ t ∈ {1, … , T} 

 

vi. No additional transmission capacity should be required.  

 (Oc,t
dispatched

+ Ow,t)

HT
≤ OC

nameplate
, ∀ 𝑡 ∈ {1, … , 𝑇} 

                                                                                      

vii. The power generated by the coal unit at any time period should be at least as high as 

the minimum stable power generation level for the coal plant. 

− (
Oc,t

HT
) ≤ −Oc

min , ∀ t ∈ {2, … , T} 

         

viii. The coal plant power output variations between consecutive hours should be within 

the ramp rate capabilities of the coal plant: 
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     −rrcoal plant ≤ Oc,t − Oc,t−1 ≤ rrcoal plant , ∀ 𝑡 ∈ {2, … , 𝑇} 

                                                                          

ix. Non-negativity constraints for all decision variables 

V. Computing Cost of Capture (CoC) and LCOE for CCS retrofit designed to achieve 

only the necessary capture rate to maintain an average annual CO2 emission rate of 

1000 lb/MWh  

Since no industrial-scale CCS units for power plants are operational at this point, the 

effect of economies of scale on cost of CCS retrofits is unclear. The following steps were 

therefore used to compute CoC and LCOE for a coal plant with retrofitted with a 

smaller-sized continuous operation CCS unit that is designed to achieve the necessary 

capture rate to maintain an average annual CO2 emission rate of 1000 lb/MWh: 

 The 1786.5 MW coal plant model built in IECM[9] has an emission rate of 1944.35 

lb/MWh without CCS. With a 90% capture rate, the CCS unit captures about 1750 

lbs/MWh.  Since we want a continuous operation CCS unit that captures 944.35 

lb/MWh (so that net emission is at 1000 lbs/MWh) , it is then sufficient to look at 

the capital and fixed O&M costs of CCS for a similar coal plant of size 

1786*(944.35/1750)=963.7 MW in IECM[9] 
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 Note that the variable O&M costs of CCS, the O&M cost of the coal plant 

(including fuel), and the loss of revenue remains identical to the BAU case, since 

these values were already scaled to capture such that net emissions is limited to 

1000 lb/MWh even though the max capture rate is 90% 

 

 By replacing the fixed O&M and Capital Cost of CCS with values obtained from 

IECM model with a 963.7 MW coal plant and keeping all other cost components 

identical to  the BAU case in equation 4 of this paper, a LCOE of about 89.3 

$/MWh and a CoC of 61.9 $/ton is obtained 

Note that similar calculations could have been performed for a continuous operation 

CCS unit designed to achieve the necessary capture rate to maintain an average annual 

CO2 emission rate of 300 lb/MWh. However, since this emission limit requires a capture 

rate very close to 90% capture rate, the corresponding LCOE and CoC values have not 

been reported.  

VI. Effect of PTC 

A comparison of the BAU II scenario with scenario 6 demonstrates that even 

when no PTC is available for the wind farm and the hybrid system is not allowed to 

vary its power output at all, it is beneficial to have a hybrid system with a wind farm 

that accounts for 5% of the total nameplate capacity, rather than retrofitting the existing 
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coal plant with a continuous operation CCS system. In this case, the hybrid system leads 

to roughly 7 $/ton and 5 $/MWh decreases in CO2 capture cost and LCOE respectively 

when compared to the BAU scenario. For a tighter emission constraint of 300 lb/MWh 

(please see scenarios 7 and 13 in table 2 of paper) the percentage decrease in CoC and 

LCOE is lower, and it is optimal to have a wind farm that accounts for only about 1% of 

the total nameplate capacity. If a PTC is available for the co-located wind farm, this 

increases the revenue from the sale of wind power and leads to higher optimum wind 

farm sizes, lower CO2 emissions, lower LCOEs and lower costs of capture. 

VII. Quantifying variability of electricity prices: defining Average Price Differential 

(APD)  

The time variability of electricity prices plays a major role in the profitability of 

the hybrid system, because as the difference among consecutive times increases, the 

chances of performing better price arbitrage increase accordingly. To characterize price 

variability and explore its effects, we define two metrics: 

The Electricity Price Differential at time t (PDt), and the Average of Price Differential during a 

Trend-Block (PDt0,dt0

Rolling Avg
).   

The Electricity Price Differential at time t (PDt) is the absolute difference between the 

electricity price (LMP) at the consecutive time periods t and t-1:  

Electricity Price Differentials: PDt = |LMPt − LMPt−1|                                                             (1) 
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For the second metric, we first define a Trend-Block as a time-series of consecutive non-

zero PDt s with the same direction of change (i.e. continuously increasing or 

continuously decreasing values exceeding the threshold difference). By definition, t0 is 

the first time instant in the Trend-Block and dt0 is the duration of the trend-block. Hence, 

the Average of Price Differential during a Trend-Block (PDt0,dt0

Rolling Avg
) is the average of price 

differentials PDt over the times t0 to t0+dt0 when there is a price-increasing or price-

decreasing trend: 

PDt0,dt0

Rolling Avg
 = 

∑ PDi
t0+dt0
i=t0

dt0

                                                                                                              (2) 

We now define the following metric to compute the Average Price Differential (APD) or the 

Mean Value of  PDt0,dt0

Rolling Avg
 corresponding to all Trend-Blocks within the planning horizon: 

PDMean
Rolling Avg

 = 
∑ PDti,dti

Rolling Avg
𝑖∈𝐼

|I|
                                                                                                      (3) 

Where I is the index set of the starting times of all trend-blocks within the planning 

horizon and |I| is the cardinality of the set I. 

VIII. Price Differentials in all the PJM Hubs[9]  

Price differential metrics of all the 12 hubs in the PJM interconnect for hourly 

LMP data for year 2013 (Jan 1st – December 31st) are computed as described in the paper. 

Results are summarized as follows: 
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Table 12: Summarizing electricity price variability in the PJM hubs 

Hub Name Mean  

Annual 

 𝐏𝐃𝐑𝐨𝐥𝐥𝐢𝐧𝐠 𝐀𝐯𝐠  

($/MWh) 

Mean Annual 

PDt 

∑ 𝐝𝐢
𝟖𝟕𝟔𝟎
𝐢=𝟏

𝟖𝟕𝟔𝟎
 

Standard  

Deviation (LMPt) 

 

'AEP GEN HUB' 7.049 4.795 0.198 14.44 

'OHIO HUB' 7.277 5.070 0.201 15.25 

'AEP-DAYTON HUB' 7.644 5.196 0.200 15.76 

'CHICAGO GEN HUB' 7.684 5.514 0.212 15.37 

'N ILLINOIS HUB' 7.875 5.680 0.213 15.92 

'CHICAGO HUB' 8.210 6.002 0.213 16.88 

'WEST INT HUB' 8.393 6.045 0.199 31.52 

'ATSI GEN HUB' 8.501 6.481 0.198 73.35 

'WESTERN HUB' 9.200 6.512 0.201 20.90 

'EASTERN HUB' 9.439 7.010 0.203 23.27 

'NEW JERSEY HUB' 9.553 7.031 0.203 23.55 

'DOMINION HUB' 10.060 7.159 0.207 22.63 

 

IX. Defining Mean Aggregated Ramp Magnitude as Percentage of Name Plate Capacity 

(MARMAP) in Wind Power Output 

To characterize wind power variability we look at the amount and size of 

ramping events, which are defined as those instances when changes in wind power 

output (WP) during a time period exceed a threshold (H). During a particular time 

period there may be one or multiple ramp events.  The following metrics are used to 

identify ramping events in wind power data similar to the metrics defined in current 

literature [110] [111]: 

a) Single Period Ramp Events:  
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Rampt(H) =  Single Period Ramp Magnitude = I(|WPt−WP|t−1≥H) ∗ |WPt − WPt−1|              (4) 

 

NRampT

+ (H) = No. of upward single period ramp events during  T time periods =

 ∑ I(Rampi>0)
T
i=1               

                                                                                                                                                      (5) 

 

NRampT

− (H) = No. of downward single period ramp events during  T time periods =

 ∑ I(Rampi<0)
T
i=1                                                                                                                              (6) 

 

(Where WPt is the wind power generated at time t, and I is an indicator function of the 

form I(X>x) = 1 if X > x and 0 otherwise. ) 

b) Aggregated ramp events:  

Consecutive ramping events with the same upward or downward trend are 

treated as a single ramping event. An algorithm similar to [9] has been developed to 

identify the start and stop times (to and to+ dto) of each of the aggregated ramping events 

and the corresponding duration (i.e. dto). The algorithm also reports the number of 

occurrences, mean average value, and the mean of all aggregated ramps expressed as a 

percentage of the Name Plate Capacity of the wind farm.  
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The threshold value (H) for defining ramping events relevant for the analysis of 

the hybrid system under consideration has been chosen as: 

Threshold Value for hybrid system H = Ramp Capability of Coal Plant in 10 minutes + CCS   

Energy Penalty = 162.4 MW                                                                                                       (7) 

This means that any increase or decrease in wind power output during a 10-

minutes time interval exceeding 162.4MW is considered a ramp event. 

The magnitude of an aggregated ramp event is: 

Aggregated Ramp Magnitude: Rampt0,dt0

aggregated
= |WPt0

− WPt0+dt0
|                                       (8)      

Where to is the start time of the aggregated ramp event and dto is the end time of the 

aggregated ramp event.       

The average of the magnitude of the individual ramp events that constitute a given 

aggregated ramp event is:                   

Average Ramp Magnitude within an Aggregated Ramp: Rampt0,dt0

 Avg
=

∑ Rampi
t0+dt0
i=t0

dt0

                 (9)     

 

Taking the mean of the Average Ramp Magnitude within an Aggregated Ramp of all 

aggregated ramps observed during a time horizon results in a metric of the ramp 

characteristics of the wind farm which we label as: 

Mean Aggregated Ramp Magnitude as Percentage of Name Plate Capacity (MARMAP): 
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  Percentage Ramp Mean
Avg

=
∑ Rampti,dti

 Avg
𝑖∈𝑁

Nameplate Capacity∗|N|
∗ 100%                                                         (10) 

 

where N is the set of aggregated ramp events during the time horizon. 

 

 

Figure 18: Cumulative Percentage of EWITS Wind sites[3]  

corresponding to a given value of MARMAP for a 162.4MW threshold to identify 

ramp events 

We estimated the MARMAP (162.4) for each of the 1326 on-shore wind sites 

included in the EWITS data-base[3]. For all the sites analyzes the average of the 

magnitude of aggregated ramping events Rampt0,dt0

Rolling Avg
 varied between 0% and 98% of 

the potential installed wind power capacity. A site with a MARMAP (162.5) of 0% is a 

site for which there was never a time period where wind power output would be 162.4 

MW higher or lower than the power output in the immediately previous time period.  

Figure S4 shows the cumulative distribution of  Percentage RampMean
Rolling Avg

 of all on-
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shore wind-sites in EWITS[3]. As shown in Figure S4, there are about 70% of sites with 

MAMAP (162.4) of 0%.  For those sites for which MARMAP (162.4) is higher than 0%, 

the mean and median MARMAP (162.4) are 28% and 22% respectively).  

X. Identifying existing U.S. power plants that could be retrofitted with CCS and 

therefore could be candidates for implementation on the hybrid system.  

Figure 19 was generated using Matlab and information from the eGrid database 

[27]. It indicates the locations of all existing coal plants suitable for CCS retrofit (the 

criteria for selection was that the coal plant should have a rated nameplate capacity of 

350 MW or greater and be less than or equal to 35 years of age – the same set of 

conditions used by the International Energy Agency to identify coal plants suitable for 

CCS retrofit [28]). The size of the dot indicates the relative size (nameplate capacity) of 

the power plant. A study of the eGrid database [27] further indicates that in the US, 20% 

of the total annual generation is supplied by these coal plants and that they account for 

roughly 35% of the total CO2 emissions from the US electricity sector. Here we have a 

sizeable percentage of coal-plants in the US that could be retrofitted with CCS resulting 

in significant reduction in CO2 emissions from the electricity sector. 
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Figure 19: Location of existing coal plants in the US suitable for CCS retrofits 

The hybrid system provides an added advantage by providing flexibility to 

reduce or increase the power that flows from the wind farm and coal plant to the grid 

via optimization of operation of the two types of power plants. The CCS system 

operation provides a form of ‘storage’ for wind power by optimizing the operation of 

the units within physical constraints of the system. Such a hybrid system would also 

reduce the variability of the wind power output, therefore substantially mitigating the 

need for adjustments in the overall flexibility of the power system where it operates. 

In this study, an analysis of the performance of the hybrid system has been 

conducted in the PJM Interconnect where roughly 16% of the annual generation comes 

from coal plants suitable for CCS retrofit (results obtained from analysis of eGrid 
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database [27]and FERC [112] website). Electricity generation from these plants currently 

contributes about 24% of the total CO2 emissions from the generating units in the PJM 

Interconnect. The NREL database [57] for utility scale 80-meters wind power potential, 

indicates that 11% of the annual generation from the PJM Interconnect could be supplied 

by wind power resources in the region. The estimated wind power potential in the 

region is about 363 GW with capacity factors ranging between 30 and 36 percent [111]. 

As of now, only about 2% of this wind power potential has been harnessed in the PJM 

region (results obtained from analysis of the NREL [113], EWITS [57], eGrid [27]and 

FERC [112]databases). In addition, a visual inspection of the maps in Figure 20 indicates 

that the PJM Interconnect is in a region where CO2 is likely to surpass any legislative and 

physical barriers. From the maps it can be seen that with the exception of a small portion 

of PJM in the state of North Carolina, most of the PJM Interconnect is in states where 

CCS legislation (such as policies for financial incentives to encourage CCS) already exists 

or where NETL has developed CO2 demonstration projects. 
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Figure 20: CCS Legislation[16] and NETL developed CO2 projects[16] by North 

American RTO regions[17] 
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Appendix B: Set of Constraints for the Linear 

Optimization Model in Chapter 3 

i. The average wind power in every time period dispatched by the hybrid system at all 

instants of time, should be less than or equal than the installed capacity of the wind 

farm.  

(Ow,t) − Ow
max ≤ 0, ∀ t ∈ {1, … , T} 

ii. The storage tank should not overflow: 

∑(rt − 1) ≥ −HS
max, ∀ t ∈ {1, … , T}

t

i=1

 

And lean amine solution should not be regenerated: 

∑(rt − 1) ≤ 0, ∀ t ∈ {1, … , T}

t

i=1

 

iii. The scaling factor is given by the maximum value of rt: 

SF ≥ rt, ∀ t ∈ {1, … , T} 

 

iv. The maximum limit on the hybrid unit’s power output fluctuation (Outputvariations
hybrid

) 

must be maintained. 

     −Outputvariations
hybrid

≤ (Oc,t + Ow,t − Estripper ∗ (rt)) − ( Oc,t−1 + Ow,t−1 − Estripper ∗ (rt−1))

≤  Outputvariations
hybrid
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                                                                                                                                             , ∀ t ∈ {2, … , T}  

 

v. The wind power dispatched should be less than or equal to the available wind power 

forecast (Ow,t
available ) for each time period  

     Ow,t ≤ Ow,t
available, ∀ t ∈ {1, … , T} 

vi. No additional transmission capacity should be required.  

(Oc,t + Ow,t − Estripper ∗ (rt) − Eother) ≤ OC
nameplate

, ∀ 𝑡 ∈ {1, … , 𝑇} 

vii. The power generated by the coal unit at any time period should be at least as high as 

the minimum stable power generation level for the coal plant (Oc
min). 

−(Oc,t) ≤ −Oc
min , ∀ t ∈ {2, … , T} 

viii. The coal plant power output variations between consecutive hours should be within 

the ramp rate capabilities of the coal plant (rrcoal plant): 

     −rrcoal plant ≤ Oc,t − Oc,t−1 ≤ rrcoal plant , ∀ 𝑡 ∈ {2, … , 𝑇} 

ix. Non-negativity constraints for all decision variables 
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Appendix C: Supporting Information for Chapter 4 

Sections 1-8 in this appendix appear in the Supporting Information of a working paper co-

authored by the PhD candidate [78], and have been reprinted with permission from her co-

authors. 

1. Test System Composition 

Table 12 shows the fuel mix of the full MISO system and the scaled versions for 

both wind scenarios. 

Table 13: Nameplate capacity by fuel type of actual 2009 MISO system and our 

6% scaled representative grid under both high and low wind penetration scenarios. 

2009 MISO Full and 6% Scaled Capacity Mix 

    Coal 
NG 

Combined 

Cycle 

NG Combustion 

Turbine 

NG 

Steam 
Wind  Nuclear Hydro Other Total 

2009 

MISO 

Full 

Capacity 

(MW) 
63682 14864 19872 2951 8103 8508 3407 7577 128962 

% of 

Total  
49% 12% 15% 2% 6% 7% 3% 6% -- 

Low 

Wind 

Scenario  

Capacity 

(MW) 
3897 1046 1206 147 526 552 0 0 7374 

% of 

Total  
53% 14% 16% 2% 7% 7% 0% 0% -- 

High 

Wind 

Scenario  

Capacity 

(MW) 
3897 1046 1206 147 1585 552 0 0 8433 

% of 

Total  
46% 12% 14% 2% 19% 7% 0% 0% -- 
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2. Overview of the clustering technique used to select generating units for the test 

power system 

The eGrid database [114] is used to identify active generators in the MISO region 

fueled by coal and natural gas, and their corresponding rated nameplate capacities 

(NPC) and heat rates (HR). Generators are then divided into four classes: coal-fired and 

natural gas combustion cycle (NGCC), natural gas combustion turbine (NGCT) and 

natural gas steam generators (NGST). 

We do not have sufficient information to model the various types of NGCC 

plants; for simplicity, all generators in NGCC plants are combined and treated as one 

large generator. 

Several outliers from each class are removed to avoid distorting the average 

characteristics of the generators in the same cluster: 

 One small coal generator with a very high heat rate (>46,000 Btu/kWh). This heat 

rate is so extreme that this generator would become its own cluster, yet would 

likely never be dispatched. (Total 2 MW) 

 Three NGCC generators that are larger than the total NGCC target from Table 

S1; each has mid-level heat rates. (Total 4212 MW) 

 Three NGST generators that were larger than the total NGST target from Table 

S1; each had mid-level heat rates. (Total 2218 MW) 
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 One NGST generator with missing heat rate information. (Total 35 MW) 

 40 NGCT generators with negative heat rates. (1266 MW) 

 27 NGST generators with extremely high heat rates (>50,000 Btu/kWh). (Total 938 

MW) 

Heat rates and nameplate capacities are normalized so that values range between 0 

and 1. Wade’s clustering technique is implemented for each generator class using Stata 

software. Wade’s cluster centers are used as starting points for k-means clustering. A 

representative generator is selected from each cluster based on minimum distance from 

the mean normalized heat rate and mean normalized nameplate capacity of the cluster. 

For each class of generator, k is chosen such that the total capacity of the representative 

generators is as close as possible to the target capacity for that class. 

Table 14: Clusters of coal-fired power generators. . 

Cluster 

Number of 

units in the 

cluster 

Nameplate Capacity of 

Representative Generator 

(MW) 

Heat Rate of 

Representative Generator 

(Btu/kWh) 

1 34 114 10527.87 

2 32 80 11829.01 

3 32 14 11843.46 

4 17 25 14225.27 

5 4 136 14352.43 

6 17 265 11153.35 

7 32 180 10858.84 

8 17 364 10320.69 

9 12 456 10766.79 

10 50 13 5263.00 

11 28 31 7932.48 

12 11 20 23545.42 
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13 4 25 29645.81 

14 16 33 16693.87 

15 8 20 19506.04 

16 33 574 10529.05 

17 6 726 9963.66 

18 8 823 9752.89 

 

Table 15: Clusters of natural gas combined cycle (NGCC) generators 

Cluster 

Number of 

units in the 

cluster 

Nameplate Capacity of 

Representative Generator 

(MW) 

Heat Rate of 

Representative Generator 

(Btu/kWh) 

1 14 644 7634.34 

2 5 66 12267.52 

3 4 284 6917.76 

4 4 53 8547.36 

 

Table 16: Clusters of natural gas steam (NGST) generators 

Cluster 

Number of 

units in the 

cluster 

Nameplate Capacity of 

Representative Generator 

(MW) 

Heat Rate of 

Representative Generator 

(Btu/kWh) 

1 6 9 18028.79 

2 2 50 13383.17 

3 1 82 15004.34 

4 13 6 4859.36 

 

Table 17: Clusters of natural gas combustion turbine (NGCT) generators 

Cluster 

Number of 

units in the 

cluster 

Nameplate Capacity of 

Representative Generator 

(MW) 

Heat Rate of 

Representative Generator 

(Btu/kWh) 

1 12 24 11562.50 

2 5 18 6268.87 

3 37 61 11038.53 

4 13 20 15127.12 

5 18 18 17395.10 
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6 17 43 15864.27 

7 18 49 18648.90 

8 8 17 21708.13 

9 14 114 13631.56 

10 21 88 12676.84 

11 28 91 15675.82 

12 11 85 22775.33 

13 2 129 23375.26 

14 11 18 29633.68 

15 2 79 29596.88 

16 24 187 11795.45 

17 2 166 16358.13 

 

3. Operational Parameters  

Table 18 summarizes the parameters and corresponding data sources for fossil-

fired units in the MISO Test System 

Table 18: Generator Parameters and Data Sources 

Parameter Unit Description Source  Value Comments 

Min 

generation 

% per MW of 

installed 

capacity 

(NPC) 

Minimum 

generator output 

level 

Coal Plants: 

Report by 

Renewable 

Northwest 

Project [115] 

 

 

PC1 (0-200 MW): 

~33% of NPC 

 

PC (200-400 

MW): ~40% of 

NPC 

 

PC (400-800 

MW): ~40% of 

NPC 

 

PC (>800): ~40% 

of NPC 

(Ref: 

approximate 

averages from 

 

 

                                                      

1 Pulverized Coal (PC) power plant 
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table 4 of [115]) 

 

NGCC: 40-60% 

of NPC 

(assuming an 

average of 50%) 

page 3 of  [116], 

consistent with 

a Siemens 

report [117] 

 

NGCT (<65 

MW): 30% of 

NPC Page 6 of 

[118] 

 

NGCT (>=65 

MW): 50% of 

NPC  (Average 

value as per 

estimates in 

[119] and [120] 

 

NGST (0-200 

MW) : 30% of 

NPC 

(approximation 

from table 15, 

page 97 of [119]) 

  

 

 

Percentage of 

increase in 

weekly heat 

rates due to 

one 

additional 

start-up 

% (Primarily) 

Chemical energy 

from fuel 

required by 

generator at start-

up 

Power plant 

Cycling 

Costs by 

NREL [121], 

Page 47, 

Table 1-4 

PC (0-299): 

0.62% 

 

PC (>300): 0.44% 

 

NGCC: 0.20% 

 

NGCT(<65 

MW): 0% 

 

NGCT(>=65 

MW): 0.20% 

 

NGST: 0.20% 

 

Start-up Start-up  Median PC (0-299): 157  
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C&M Costs Capitalized 

Cycling and 

Maintenance 

costs ($/ MW 

of NPC) 

(Capitalized 

cycling and 

maintenance 

costs occur 

due to higher 

non-routine 

maintenance 

and capital 

replacement 

costs as a 

result of 

cycling)  

 

values for 

warm start 

from Page 

12, table 1-1 

of [121] 

$/MW 

 

PC (>300): 65 

$/MW 

 

NGCC: 55 

$/MW 

 

NGCT(>=65): 

126 $/MW 

 

NGCT(<65 

MW): 24 $/MW 

 

NGST: 58 $/MW 

Fixed costs 

for start-ups 

Auxiliary 

power, water 

additives etc. 

$/MW NPC Table 1-3, pg 

30 of NREL 

report on 

power plant 

cycling costs 

[121] 

PC (0-299): 6.14 

$/MW 

 

PC (>300): 7.98 

$/MW 

 

NGCC: 3$/MW 

[122] 

 

NGCT (>=65 

MW): 0.95 

$/MW 

 

NGCT (<65 

MW): 1.90 

$/MW 

 

NGST: 6.86 

$/MW 

 

No Load 

Heat-Rate 

MBtu/MW-h Heat input 

required when 

the generator is 

kept on-line at 

zero load 

Analysis 

from EPA 

AMPD data-

base [123] as 

per 

instructions 

from NLC 

calculations 

in PJM [124] 

 

PC (0-200 MW): 

0.7 

 

PC (200-400): 0.7 

 

PC (400-800): 

1.51 

 

PC (>800): 2.28 

 

Calculated value 

roughly in the 

range of numbers 

reported in [119] 
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 NGCC: 1.44 

 

NGCT: 1.24 

 

NGST (0-200 

MW) : 0.534 

Ramp Rates % NPC/min Max. allowable 

change in 

dispatched power 

between two 

consecutive 

intervals for given 

generator  

Report by 

European 

Local 

Electricity 

Production 

[125], Data 

from GE 

Website 

[120] 

PC: 3% of NPC 

Table 3, pg 22 

[125] 

NGCC: 5% 

Table 3, pg 22 

[125] 

NGCT-

aeroderivate: 

20% Table 3, pg 

22 [125] 

NGCT- simple 

cycle frame: 7.6 

% [120] 

 NGST: 3% 

Table 3, pg 22 

[125] 

 

 

Min up time hours Minimum time 

required for unit 

to start up and 

reach full load 

PJM report 

[126] 

Coal units: 10 h 

NGCC: 5 h 

 

NGST (if 

generator came 

online after 

1985):5 h 

 

NGST (if 

generator came 

online before 

1985):9 h 

 

NGCT (<65 

MW): 2 h 

 

NGCT (>=65 

MW): 3 h 

 

 

Min down 

time 

hours Minimum time 

required for 

generator 

following a shut-

down needed 

PJM report 

[126] 

Coal units: 8 h 

 

NGCC: 4 h 

 

NGST (if 
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before starting up 

again 

generator came 

online after 

1985):4 h 

 

NGST (if 

generator came 

online before 

1985):7 h 

 

NGCT (<65 

MW): 1 h 

 

NGCT (>=65 

MW): 3 h 

Fuel Prices 

 

$/MBtu  EIA 

database 

(Refer to 

comments 

for exact 

citations) 

NG: 4.71 

$/MBtu 

 

Coal: 2.32 

$/Mbtu 

Conversion 

Factor:  

$/1000 cubic-

feet=1.028 $/Mbtu 

[127] 

4.71 $/MmBtu for 

NG (average of 

costs reported by 

EIA between 2009-

2014 [128] 

NG prices are in 

Nominal Dollars 

Cost of Coal: 2.32 

$/Mbtu based on 

average prices 

reported in 2009 

and 2010 [129]. 

Assumed dollar 

values 

corresponding to 

2009 and 2010 

respectively 

Spinning 

Reserve Costs 

  Assumption, 

agrees with 

assumption 

made in a 

paper by Liu 

et. al [130] 

 

20% of Marginal 

Costs 

 

Start-up cost calculations: 
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Start-up costs for each generator are estimated as the sum of Fixed Start-Up costs 

(Auxiliary power, water additives etc.), Start-up Capitalized Cycling and Maintenance 

(C&M) Costs, and the cost of additional fuel burned to start-up. The additional fuel 

burned at start-up is estimated from information on the increased heat rate per one 

additional start up as reported in [8] –estimated from past studies of various units and 

10 years of hourly EPA Compliance Monitoring System (CMS) database [123]), fuel 

costs, and our own estimate of the weekly generation (explained below).   

Hence the following equation is used: 

Start-Up Cost ($/start-up) =   Fixed Start-Up Cost ($) + Start-up Capitalized Cycling & 

Maintenance Cost ($) + Percentage of increase in weekly heat rates due to one additional 

start-up (%)*Average Heat Rate (Btu/kWh)*Average Weekly Generation (kWh)*cost of 

fuel ($/Btu)                                                                                                                                     (i) 

In order to determine the average weekly electricity generation that will multiply 

the increased heat-rate due to a start-up, we first determine the average capacity factor 

of every generator.  We do this by calculating the average capacity factor by technology 

type and installed capacity range for operational generators in the states belonging to 

the Western Interconnect as reported by EPA in the eGRID2009 and eGRID2012 data 

files [1] (see Tables S7a and S7b).  
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We look at the Western Interconnect because the study reporting increases in 

weekly heat rates due to start ups was conducted for that region. 

Table 19: Average capacity factor by generator type and installed capacity in 

the Western Interconnect, as calculated from eGRID2009 datafile (released in year 

2012) 

Technology Type Installed Capacity (MW) Capacity Factor 

Coal 0-300 MW 0.6578 

>300 MW 0.7276 

NGCC Any range 0.2946 

NGCT 

 

0 to <65 MW 0.1177 

>65 MW 0.0333 

NGST Any Range 0.0727 

 

Table 20: Average capacity factor by generators type and installed capacity in 

the Western Interconnect, as calculated from eGRID2012 datafile (released in year 

2015) 

Technology Type Installed Capacity (MW) Capacity Factor 

Coal 0-300 MW 0.6 

>300 MW 0.6736 

NGCC Any range 0.2927 

NGCT 

 

0 to <65 MW 0.0947 

>65 MW 0.0268 

NGST Any Range 0.1043 

 

The average of the average capacity factors reported in Tables S7a and S7b are 

result in numbers consistent with those reported in [131]. These average capacity factors, 

together with the information on generator type and nameplate capacity, are then used 

to estimate the average weekly generation for each generator as follows:  



 

145 

 

AverageWeeklyGeneration =

Nameplate Capacity x Capacity Factor x Number of hours in a week.   

Finally we use equation (i) to calculate start-up costs.   

Parameters for each Generator in Test System: 

Using the parameters summarized in table S6 and following the calculations of 

start-up costs described, we find the parameters for each generator included in the test 

system as follows: 
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Table 21: Description of fossil fuel generators in the test system 

 

 

Type
HR 

(Btu/kWh)

Max 

Gen 

(MW)

Min  

Gen 

(MW)

Ramp Rate 

Up 

(MW/Min)

Ramp Rate 

down 

(MW/Min)

Min 

Uptime 

(min)

Min 

Downtime 

(min)

Gen Cost 

($/MWh)

NLC 

($/h)

Start-up 

Cost ($)

Average 

CO2 

emission 

rates lb 

CO2/MWh

Average 

additional 

CO2 

Emissions  

during start-

up (lb)

Coal 10528.0 113.5 37.5 3.4 3.4 600.0 480.0 24.3 184.2 20330.9 2213.0 1732197.6

Coal 11829.0 80.0 26.4 2.4 2.4 600.0 480.0 27.3 129.8 14488.2 2486.5 1541351.7

Coal 11843.0 13.6 4.5 0.4 0.4 600.0 480.0 27.4 22.1 2463.3 2489.5 262660.3

Coal 14225.0 25.0 8.3 0.8 0.8 600.0 480.0 32.9 40.6 4618.5 2990.2 696575.4

Coal 14352.0 136.0 44.9 4.1 4.1 600.0 480.0 33.2 220.7 25151.1 3016.9 3857376.0

Coal 11153.0 265.2 106.1 8.0 8.0 600.0 480.0 25.8 430.3 47756.3 2344.4 4542405.7

Coal 10859.0 179.5 59.2 5.4 5.4 600.0 480.0 25.1 291.3 32243.6 2282.5 2914425.8

Coal 10321.0 363.8 145.5 10.9 10.9 600.0 480.0 23.8 590.3 31057.9 2169.4 4218500.8

Coal 10767.0 456.0 182.4 13.7 13.7 600.0 480.0 24.9 1596.2 39173.3 2263.2 5754539.3

Coal 5263.0 12.5 4.1 0.4 0.4 600.0 480.0 12.2 20.3 2139.2 1106.3 47675.2

Coal 7932.0 31.0 10.2 0.9 0.9 600.0 480.0 18.3 50.3 5430.7 1667.4 268577.0

Coal 23545.0 20.4 6.7 0.6 0.6 600.0 480.0 54.4 33.1 4057.4 4949.2 1557222.1

Coal 29646.0 25.0 8.3 0.8 0.8 600.0 480.0 68.5 40.6 5204.0 6231.6 3025413.8

Coal 16694.0 33.0 10.9 1.0 1.0 600.0 480.0 38.6 53.5 6220.2 3509.1 1266329.4

Coal 19506.0 19.5 6.4 0.6 0.6 600.0 480.0 45.1 31.6 3758.8 4100.2 1021615.0

Coal 10529.0 574.3 229.7 17.2 17.2 600.0 480.0 24.3 2010.3 49171.9 2213.2 6930742.0

Coal 9964.0 725.8 290.3 21.8 21.8 600.0 480.0 23.0 2540.6 61651.1 2094.4 7843947.0

Coal 9753.0 822.6 329.0 24.7 24.7 600.0 480.0 22.5 4347.8 69665.1 2050.1 8517759.0

NG_CC 7634.0 644.0 322.0 32.2 32.2 300.0 240.0 35.3 4371.4 39638.9 893.2 433349.8

NG_CC 12268.0 65.5 32.8 3.3 3.3 300.0 240.0 56.8 444.6 4172.8 1435.3 113815.4

NG_CC 6918.0 283.5 141.8 14.2 14.2 300.0 240.0 32.0 1924.4 17355.3 809.4 156649.1

NG_CC 8547.0 53.0 26.5 2.7 2.7 300.0 240.0 39.6 359.8 3284.7 1000.0 44704.5

NG_CT 11563.0 23.8 7.1 4.8 4.8 120.0 60.0 53.5 139.1 616.4 1352.8 0.0

NG_CT 6269.0 17.5 5.3 3.5 3.5 120.0 60.0 29.0 102.3 453.3 733.5 0.0

NG_CT 11039.0 61.0 18.3 12.2 12.2 120.0 60.0 51.1 356.6 1579.9 1291.5 0.0

NG_CT 15127.0 20.0 6.0 4.0 4.0 120.0 60.0 70.0 116.9 518.0 1769.9 0.0

NG_CT 17395.0 18.0 5.4 3.6 3.6 120.0 60.0 80.5 105.2 466.2 2035.2 0.0

NG_CT 15864.0 42.9 12.9 8.6 8.6 120.0 60.0 73.4 250.8 1111.1 1856.1 0.0

NG_CT 18649.0 48.6 14.6 9.7 9.7 120.0 60.0 86.3 284.1 1258.7 2181.9 0.0

NG_CT 21708.0 17.3 5.2 3.5 3.5 120.0 60.0 100.5 101.1 448.1 2539.9 0.0

NG_CT 13632.0 114.0 57.0 8.7 8.7 180.0 180.0 63.1 666.3 14546.4 1594.9 25067.0

NG_CT 12677.0 88.2 44.1 6.7 6.7 180.0 180.0 58.7 515.5 11250.3 1483.2 16772.1

NG_CT 15676.0 91.0 45.5 6.9 6.9 180.0 180.0 72.6 531.9 11620.5 1834.1 26460.5

NG_CT 22775.0 85.0 42.5 6.5 6.5 180.0 180.0 105.4 496.8 10883.0 2664.7 52171.5

NG_CT 23375.0 129.0 64.5 9.8 9.8 180.0 180.0 108.2 754.0 16520.3 2734.9 83404.5

NG_CT 29634.0 17.6 5.3 3.5 3.5 120.0 60.0 137.1 102.9 543.6 3467.1 64526.5

NG_CT 29597.0 78.8 39.4 6.0 6.0 180.0 180.0 137.0 460.6 10114.8 3462.8 81679.2

NG_CT 11795.0 187.0 93.5 14.2 14.2 180.0 180.0 54.6 1093.0 23844.8 1380.1 30785.5

NG_CT 16358.0 166.3 83.2 12.6 12.6 180.0 180.0 75.7 972.0 21241.5 1913.9 52656.0

NG_ST 18029.0 9.4 2.8 0.3 0.3 540.0 420.0 83.4 23.7 633.4 2109.4 10630.0

NG_ST 13383.0 50.0 15.0 1.5 1.5 540.0 420.0 61.9 125.9 3336.8 1565.8 31156.7

NG_ST 15004.0 81.6 24.5 2.4 2.4 540.0 420.0 69.4 205.4 5464.2 1755.5 63912.0

NG_ST 4859.0 6.2 1.9 0.2 0.2 540.0 420.0 22.5 15.6 406.4 568.5 509.3

Parameters of fossil-fired units within the MISO test system
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Nuclear Generators 

Nuclear generators represented approximately 7% of MISO nameplate capacity in 2008. 

In our scaled-down test grid, there is 552 MW of nuclear capacity. Because most nuclear 

generators are committed days in advance and change their output very slowly, we 

assume that nuclear output is constant at a level commensurate with its 2009 capacity 

factor of 84% [114]. We do not include nuclear generators in our commitment and 

dispatch models, but rather subtract this amount (463 MW) from the load in all intervals.   

4. Representation of Wind Generators 

EWITS data [57] contains modeled day-ahead hourly forecasts and real-time 10-minute 

power levels for over 1000 potential wind farm sites throughout the Eastern 

Interconnection. To choose the sites and scale their capacity levels, we follow the steps 

below.   

Low Wind Scenario 

1. The low wind scenario is based on MISO wind capacity in 2009 as represented in 

eGRID. Four MISO states, Iowa, Minnesota, Indiana, and North Dakota had 

significantly more installed capacity than other MISO states.   

2. We randomly choose a simulated wind farm from each of the four states from the 

EWITS dataset and ensure the farm is within MISO territory. 
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3. We determine a scale value for each wind farm so that the total generation would 

represent 6% of 2009 levels and the proportion of generation of each farm would 

roughly match that of its state. 

4. We multiply the day-ahead and real-time values by the scale factor for each site 

and then sum to get a single set of wind forecasts and real-time generation levels. 

Table 22: Actual wind nameplate capacity in MISO states in 2009 and 2013 and 

nameplate capacities of simulated wind farms in low and high wind scenarios 

  Iowa Indiana Minnesota 
North 

Dakota 
Illinois 

System 

Total 

EWITS Wind farm 

number 
2443 4913 1924 273 7070 -- 

EWITS Site Latitude 42.573 40.095 44.492 45.966 40.337 -- 

EWITS Site 

Longitude 
-93.643 -86.491 -95.856 -98.964 -91.333 -- 

EWITS Site 

Nameplate Capacity 

(MW) 

278 279 295 297 295 -- 

2009 State Installed 

Capacity (eGRID) 
3,442 1,037 1,603 958 111 8,087 

Low Wind Scenario 

Scale Factor 
0.92 0.28 0.41 0.24 -- -- 

Low Wind Scenario 

Nameplate Capacity 

(MW) 

256 78 121 71 -- 526 

2013 State Installed 

Capacity (AWEA) 

(may include non-

MISO area within a 

state) 

5,133 1,543 2,987 1,681 3,568 16,401 

High Wind Scenario 

Scale Factor 
1.86 0.56 1.16 0.65 1.29 -- 

High Wind Scenario 

Nameplate Capacity 

(MW) 

517 155 340 192 381 1,585 
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High Wind Scenario 

1. In the high wind-scenario, wind capacity triples to approximately 19% of total 

MISO generation capacity. To achieve this higher level, we assume installation of 

the same wind farms included in the low-wind scenario and add an additional 

randomly-selected EWITS farm from Illinois, a state which by 2013, had the 

second-most wind in the region [132].   

2. Steps 3-4 are the same as above except a new scale factor for each farm is selected 

to achieve the higher target of total wind capacity and proportions representing 

2013 capacity for each state. 

 5. Load Data 

We use MISO system load data collected and published by LCG Consulting. Data is 

missing for approximately 0.6% of all intervals.  

Table 23: Demand summary statistics of each month 

10-minute Load (MW) - Summary Statistics 

 

Min Max Average 

January 3,268 5,568 4,563 

April 2,799 4,548 3,762 

July 3,218 6,779 5,080 

 

These values are estimated using the following method: 
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1. If a single data point is missing, it is replaced with the average of the intervals 

directly preceding and following it. 

2. There are two longer time periods of missing data, one lasting for just over 7 

hours, and the other for 35 minutes. In these instances, the missing data is 

generated using the 5-minute load changes from the previous day. 

We then scale each value down to 6.5% of its original. Table S10 shows minimum, 

maximum, and average load for each month after subtracting 463 MW of baseload 

power contributed by nuclear power plants over the entire time horizon. 

6. Forecasts of Wind and Load Data 

Both the day ahead and real time markets require forecasts of load and wind 

power generation. Day-ahead wind forecasts are provided with the EWITS data. For 

day-ahead load forecasts, we first find the hourly real-time load by averaging the loads 

from the six 10-minute intervals. Next we generate the day ahead forecast error % by 

generating a random normal variable with mean 0 and standard deviation 0.01. The day-

ahead forecast is equal to the hourly real time value increased or decreased by a 

percentage equal to the randomly generated forecast error, as in (2) below: 

Define: 

h: Index for day-ahead time intervals, ℎ ∈ 1. .24 

t: Index for real-time time intervals, 𝑡 ∈ 1. .144 
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Eh: Day-ahead load forecast error in interval h (%) 

FDemandh: Day-ahead forecasted load in interval h (MW) 

ActDemandt: Actual real-time demand in interval t (MW)  

Day-ahead load forecast formulation: 

𝐸ℎ~𝑁(0, 0.01) (ii) 

𝐹𝐷𝑒𝑚𝑎𝑛𝑑ℎ = (1 + 𝐸ℎ) ∗ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒(𝐴𝑐𝑡𝐷𝑒𝑚𝑎𝑛𝑑6∗ℎ+1, … 𝐴𝑐𝑡𝐷𝑒𝑚𝑎𝑛𝑑6∗ℎ+6) (iii) 

A similar procedure is followed for 10-minute wind and load forecasts, using 

standard deviations of 0.04 and 0.002, respectively.     

7. Estimation of Flexible Ramp Requirements  

Ramp requirement calculations involve the calculation of two components: (a) 

variability as calculated at current time interval (given by the difference between actual 

net load at time t and forecasted net load for time t+1), and (b) estimation of error in 

forecasting.  The forecast error is expressed as a percent of the forecast net load and 

estimated through statistical analysis of the differences between actual and forecasted 

net load for a historical time series. The same forecast errors (as a percentage of forecast 

net load) are used by the day-ahead and real-time models. In order to calculate these, we 

take the following steps for both the low and high wind scenarios: 

1. Subtract real-time wind generation from real-time load to calculate actual net load 

for 2009, the year preceding the modeled year. 
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2. Subtract forecasted wind generation from forecasted load to calculate forecasted net 

load for 2009, the year preceding the modeled year.   

3. Classify each interval by season, time of day, and whether it falls on a weekend or 

weekday, as each of these categories has a significant impact on direction and 

quantity of ramping need. We use three seasons, winter, spring/fall, and summer 

(Table S11). Spring and fall are combined, as they have very similar net load profiles. 

We use four time-of-day periods: morning, midday, evening, and night (Table S12). 

Thus we have 24 different classifications for each wind scenario. 

4. For each interval, we find the forecast error as a percentage of forecast net load. We 

then calculate the mean and standard deviation of forecast error (as a percentage of 

forecast net load) for each of the 24 groups. Table S12 reports the percentage error in 

forecast for the high and low wind penetration scenarios 

5. For each group T, we calculate the upper and lower bounds of uncertainty (or error 

between forecasted and actual net load) % as follows: 

 

𝑈𝑛𝑐𝑈𝑝𝑃𝑐𝑡𝑇 = 𝐴𝑣𝑔𝐸𝑟𝑟𝑜𝑟𝑃𝑐𝑡𝑇 + 2 ∗ 𝑆𝐷𝐸𝑟𝑟𝑜𝑟𝑃𝑐𝑡𝑇  (iv) 

𝑈𝑛𝑐𝐷𝑜𝑤𝑛𝑃𝑐𝑛𝑡𝑇 = −1 ∗ (𝐴𝑣𝑔𝐸𝑟𝑟𝑜𝑟𝑃𝑐𝑡𝑇 − 2 ∗ 𝑆𝐷𝐸𝑟𝑟𝑜𝑟𝑃𝑐𝑡𝑇)  (v) 

6. In each interval, forecasted net load is multiplied by the two uncertainty values for 

the appropriate group to find UncertUp and UncertDown for each interval. 
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Table 24: Seasonal classification of months based on similar net load profiles, used 

for uncertainty calculations 

Month Season 

January Winter 

February Winter 

March Spring/Fall 

April Spring/Fall 

May Spring/Fall 

June Summer 

July Summer 

August Summer 

September Summer 

October Spring/Fall 

November Spring/Fall 

December Winter 

 

Table 25: Classification of hourly intervals into time periods based on ramping 

characteristics, used for uncertainty calculations. 

Time 

Period Hours 

Morning 04 - 09 

Midday 10 - 16 

Evening 17 - 20 

Night 21 - 03 

 

Table 26: Uncertainty in each direction as a percentage of net load for each of 

24 conditions in the low and high wind scenarios 

Uncertainty Percentage of Forecast Error 

    Low Wind Scenario High Wind Scenario 

Season Weekday Day Time Condition Uncertainty Up Uncertainty Down Uncertainty Up Uncertainty Down 
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Winter 

Weekend 

Morning 1 0.80% -0.81% 2.42% -2.43% 

Midday 2 0.76% -0.73% 2.25% -2.25% 

Evening 3 0.73% -0.74% 2.23% -2.27% 

Night 4 0.86% -0.87% 2.69% -2.63% 

Weekday 

Morning 5 0.74% -0.72% 2.01% -2.04% 

Midday 6 0.69% -0.68% 1.72% -1.76% 

Evening 7 0.71% -0.70% 1.97% -1.93% 

Night 8 0.84% -0.85% 2.51% -2.52% 

Spring/ 

Fall 

Weekend 

Morning 9 0.90% -0.93% 3.48% -3.35% 

Midday 10 
0.86% -0.86% 2.78% -2.72% 

Evening 11 
0.85% -0.84% 2.81% -2.92% 

Night 12 
1.00% -0.96% 3.64% -3.58% 

Weekday 

Morning 13 
0.78% -0.77% 2.20% -2.20% 

Midday 14 
0.73% -0.72% 2.01% -2.03% 

Evening 15 
0.78% -0.77% 2.50% -2.50% 

Night 16 
0.91% -0.92% 3.14% -3.11% 

Summer 

Weekend 

Morning 17 
0.70% -0.66% 1.50% -1.50% 

Midday 18 
0.60% -0.58% 1.38% -1.42% 

Evening 19 
0.61% -0.62% 1.49% -1.44% 

Night 20 
0.72% -0.73% 2.04% -2.07% 

Weekday 

Morning 21 
0.64% -0.65% 1.48% -1.51% 

Midday 22 
0.56% -0.55% 1.20% -1.23% 

Evening 23 
0.61% -0.61% 1.43% -1.46% 

Night 24 
0.77% -0.77% 2.31% -2.29% 

 

8. Procurement of Up Ramp Capability (URC) and Down Ramp Capability (DRC) 

Figure S2 illustrates the five possible situations that could occur in any given interval 

depending on ramping capability required, baseline levels of ramping capability and the 

economics of available power generators.  In this example, the demand price is set at 

$10/MW for all intervals. In this particular interval for situations 2 – 5, historical analysis 

has indicated that the system should procure 100 MW of URC.  
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1. For a particular interval, historical analysis could determine that there is a very low 

likelihood of a need for any ramp capability and set the target amount to 0 MW. 

2. If the system without the ramping constraint would have provided 120 MW anyway, 

the URC constraint is non-binding and the price is set at $0/MW.   

3. If providing any amount of ramping capability is higher than the price cap, none is 

procured. 

4. If the system wouldn’t naturally provide sufficient URC, but the cost of doing so is 

relatively low, the full 100 MW is procured and the price is set below the demand 

curve value, in this case $6/MW. 

5. If the opportunity cost of providing ramp capability is high, the price is capped at 

$10/MW which will limit the amount procured, in this case to 60 MW, leaving a 

shortage of URC. 



 

156 

 

 

Figure 21: Demonstration of the five possible scenarios given a $10/MW URC demand 

curve price.  

The upward-sloping lines represent URC supply curves and the diamond 

markers indicate the market clearing quantity and price in each scenario. Scenario 1: 

Historical analysis determines no URC is needed. Scenario 2: Historical analysis 

targets 100 MW of URC. Existing generators provide 120 MW, so no additional URC is 

procured; the price is $0/MW. Scenario 3: Historical analysis targets 100 MW of URC. 

There is insufficient ramp capability in the system, so the ramp capability constraint 

is binding. Only some ramp capability is able to be procured below the $10/MW 

demand curve price cap, so there is a shortage of URC.   Scenario 4: Historical analysis 

targets 100 MW of URC. However, the cost to provide any URC is greater than the 

$10/MW price cap and therefore none is procured. Scenario 5: Historical analysis 

targets 100 MW of URC. There is insufficient ramp capability in the system, so the 

ramp capability constraint is binding. All 100 MW are able to be procured for less 

than the $10/MW demand curve price cap. [133] 

 

9. Unit Commitment/Economic Dispatch (UC/ED) Models and System Cost 

Calculations for the MISO test System  

 

The model is used to simulate 10 minutes operations for a scale version of the 

MISO power system is closely based on the models with and without ramp capability 

products presented in the Masters Project of Adam Cornelius [133]. The variables used 
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for the UC-ED models are first defined, and equations (1)-(64) present the model 

formulation for the MISO test system when the average power system CO2 emission rate 

is constrained to 1000 lb/MWh, with and without ramp capability products (StdMC-Env 

and RCMC-Env models respectively) for the FlexCCSWithWind configuration.  Minor 

modifications that need to be made to these models to represent the technical constraints 

of the different possible configurations for the 5 largest coal plants (i.e., Baseline, CCS, 

CCSOnOff, FlexCCSWithWind, FlexCCSRemoteWind) are presented at the end of 

section 9. 

Notation Used 

Indices 

u - Index for dispatchable unit, 𝑢 ∈ 1. . 𝑈   

t - Index for time interval, 𝑡 ∈ 1. . 𝑇 

n - Intermediate time interval index used for 

minimum up and downtime requirements, 
𝑛 ∈ 𝑡.. 

 

System Requirement Parameters 

IntLength - Length of each time interval [minutes] 

FDemandt - Forecasted system demand  in interval t [MW] 

ActDemandt - Actual system demand in interval t [MW] 

VForecastt - Forecasted wind power in interval t [MW] 

WPu,t
FC  - Forecasted wind power in the region around unit u and interval t 

scaled according to installed capacity of the co-located wind 

farm[MW] 



 

158 

 

 

VAvailablet - Actual available wind power in interval t [MW] 

 

SpinReqt - Quantity of spinning reserve required in interval t [MW] 

 

ResResponseTime - Time by which reserve from generator u must be deployable 

[minutes] 

 

RCUpDCMaxt - The targeted amount of up-ramp capability (URC) in interval t 

[MW] 

 

RCDownDCMaxt - The targeted amount of down-ramp capability (DRC) in interval t 

[MW] 

 

RampResponseTime - Response time for ramp capability (used in day-ahead models) 

[minutes] 

 

RampInts - Number of intervals for which ramp capability is considered (used 

in real-time model) [intervals] 

 

 

CO2Lim - Limit on average CO2 emission rate [lb/MWh] 

 

Parameters of the coal-units retrofitted with CCS 

 

StorageUnitsu - Array of 0/1 indicators  indicating whether or not a participating 

unit has a storage system(1: Participating unit has a storage system, 0 

if not) 

 

E̅u - Energy Penalty due to CCS Operation for time interval t [MW] 

 

SFu - Scaling Factor (for CCS systems only) 

 

MaxCapRateu - Maximum CO2 capture rate for CCS retrofit in unit u 

 

Hu - Max. hours storage for given amine storage system in unit u 
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System Penalty Price Parameters 

OverGenPen - System-wide over generation penalty [$/MWh] 

UnderGenPen - System-wide under generation penalty [$/MWh] 

SRScarcityPen - System-wide spinning reserve shortage penalty [$/MWh] 

RCUpDCPrice2 - URC Demand Curve Price [$/MWh] 

 

RCDownDCPrice2 

 

- DRC Demand Curve Price [$/MWh] 

 

MCPEt 2 

 

- Market Clearing Price for Energy Market at time t 

 

MCPSRt2 

 

- Market Clearing Price for Spinning Reserves at time t 

 

Generator Cost Parameters 

MCu - Marginal Cost of operating dispatchable unit u [$/MW/interval] 

 

SRCu 

 

- Cost of spinning reserve provided by unit u [$/MW/interval] 

 

NLCu2 

 

- No load cost (fixed operation cost) of operating unit u [$/interval] 

 

StartCu2 

 

- Cost of starting unit u [$] 

Varccs 

 

- Variable O&M Costs for CCS [$/MWh] 

 

AOE - Annual Operating Expenses of a Wind Farm [$/MWh] 

 

CCwind 

 

- Capital Costs of the wind farm [$/MW] 

 

Generator operating Parameters 

                                                      

2 Used for system cost calculations and are determined by the Unit-Commitment/Economic Dispatch models 
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Commitu,t - Commitment status of unit u in interval t (only a parameter in 

economic dispatch models) 

 

MaxGenu - Maximum generation of unit u [MW] 

 

MinGenu - Minimum generation of unit u [MW] 

 

PosRampRateu - Maximum ramp-up rate of generator u [MW/interval] 

 

NegRampRateu - Maximum ramp-down rate of generator u [MW/interval] 

 

MinUTu - Minimum uptime of unit u [intervals] 

 

MinDTu - Minimum downtime of unit u [intervals] 

InitMinUpu - Number of intervals generator u must be up at the start of the 

optimization period due to its initial uptime [intervals] 

 

InitMinDownu - Number of intervals generator u must be down at the start of the 

optimization period due to its initial downtime [intervals] 

 

FutureSDu - Number of intervals beyond the end of the RTED time horizon that 

unit u will shut down [intervals] 

 

SUIntsRemainu,t - Number of intervals remaining until generator u should have fully 

started up and reached its minimum capacity level [intervals] 

 

ShuttingDownu,t - Indicates whether the unit is shutting down and the minimum 

generation should be relaxed to 0 [binary] 

 

CO2Emu - CO2 emission rate of unit u [lb/MWh] 

 

Decision Variables 

Genu,t2 - Average power generation of the coal plant in unit u in interval t [MW]  

 
E̅  - CCS Energy Penalty of the unit u at time t [MW] 

WPu,t - Average wind power dispatched from unit u in time t if unit u is a 
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hybrid unit [MW] 

 

SRu,t2 - Spinning reserve provided by unit u in interval t [MW] 

 

Commitu,t3,2 - Commitment status of unit u in interval t (only a decision variable in 

unit commitment models) [binary] 

 

StartCostu,t3 - Startup cost of unit u in interval t [$] 

 

OverGent - Surplus of generation over demand in interval t [MW] 

 

UnderGent - Shortage of generation below demand in interval t [MW] 

 

UnmetSRt - Shortage of spinning reserve below requirement in interval t [MW] 

 

VSchedulet - Quantity of variable generation scheduled in interval t [MW] 

 

UnitRCUpu,t2 - URC supplied by unit u in interval t [MW] 

 

UnitRCDownu,t2 - DRC supplied by unit u in interval t [MW] 

 

RCUpt - System URC procured in interval t [MW] 

 

RCDownt - System DRC procured in interval t [MW] 

 

Startedu,t2 - Start-up status of unit u in interval t of a given day d [binary]  

 

ru,t -  (For CCS) CCS operating status.  Serves as a multiplying factor to 

obtain total energy penalty of the stripper at time interval t under each 

regeneration mode: 

ru,t 𝜖 [0.2,1) - “Storage Mode”, ru,t =1- “Regular Mode” 

ru,t 𝜖 (1,SF] - “Regeneration Mode” 

 

                                                      

3 These decision variables are determined by the B-DAUC and RC-DAUC models 
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Day-ahead Unit Commitment Model for StdMC-Env Operation (B-DAUC), 

FlexCCSWithWind configuration 

Equations (1)-(25) present the mathematical formulation for the mixed-integer 

optimization problem to solve the unit-commitment problem. As can be observed from 

the objective function in equation (1), this is a production-cost minimization model 

where the objective is to minimize the power system operation costs (this includes fuel 

costs – including fuel used up to operate the CCS units, operation and maintenance costs 

of the generating units and the CCS units including costs of amine solution, no-load 

costs, cost of starting up a unit, and penalty payments for under- and over-generation 

and spinning reserve scarcity events in the test system). Portions of the equation that are 

in bold indicate additions made to the standard problem formulation of a unit 

commitment problem to incorporate the operation of flexible CCS operation in post-

combustion amine-based CCS retrofits via amine storage, and the operation of co-

located wind-farms in the hybrid wind-coal system. The constraint for power system 

CO2 emission is italicized.  

Objective Function: 

Min ∑ (∑ ((Genu,t + 𝐫𝐮,𝐭 × �̅�) × MCu + SRu,t × SRCu + Commitu,t × NLCu +U
u=1

T
t=1

StartCostu,t + 𝐀𝐎𝐄𝐮  × 𝐖𝐏𝐮,𝐭 + 𝐫𝐮,𝐭 × �̅� × 𝐕𝐚𝐫𝐂𝐂𝐒) +  OverGent × OverGenPen +

UnderGent × UnderGenPen + UnmetSRt × SRScarcityPen)                                                    (1) 

 

Subject to: 

∑ (Genu,t + WPu,t) + VSchedulet + UnderGent − OverGent = FDemandt
U
u=1      ∀ t               (2) 
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∑ ∑ (𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑈𝑛𝑖𝑡𝑠𝑢 × (1 − 𝑀𝑎𝑥𝐶𝑎𝑝𝑅𝑎𝑡𝑒𝑢) × 𝐶𝑂2𝐸𝑚𝑢
𝑇
𝑡=1

𝑈
𝑢=1 × (𝐺𝑒𝑛𝑢,𝑡 + 𝑟𝑢,𝑡 × �̅�) +  

 (1 − 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑈𝑛𝑖𝑡𝑠𝑢) × 𝐶𝑂2𝐸𝑚𝑢 × 𝐺𝑒𝑛𝑢,𝑡) ≤ 𝐶𝑂2𝐿𝑖𝑚 × ∑ ∑ 𝐺𝑒𝑛𝑢,𝑡
𝑇
𝑡=1

𝑈
𝑢=1                          (3) 

 

∑ SRu,t + UnmetSRt ≥ SpinReqt
U
u=1     ∀ t                                                                                   (4) 

 

VSchedulet ≤ VForecastt  ∀ t                                                                                                       (5)                                                    

 

𝐫𝐮,𝐭 ≤ 𝐒𝐭𝐨𝐫𝐚𝐠𝐞𝐔𝐧𝐢𝐭𝐮 × 𝐒𝐅𝐮       ∀ 𝐮, 𝐭                                                                                           (6) 

 

𝐖𝐏𝐮,𝐭 ≤ 𝐒𝐭𝐨𝐫𝐚𝐠𝐞𝐔𝐧𝐢𝐭𝐮 × 𝐖𝐏𝐮,𝐭
𝐅𝐂  ∀ 𝐮, 𝐭                                                                                       (7) 

 

StartCostu,t ≥ StartCu × (Commitu,t − Commitu,t−1)    ∀ u, t                                                   (8) 

 

Genu,t + SRu,t + 𝐫𝐮,𝐭 × �̅� + WPu,t ≤ MaxGenu × Commitu,t  ∀ u, t                                            (9) 

 

Genu,t + 𝐫𝐮,𝐭 × �̅� ≥ MinGenu × Commitu,t  ∀ u, t                                                                     (10) 

 

Genu,t − Genu,t−1 ≤ IntLength × (PosRampRateu + (𝐫𝐮,𝐭 − 𝐫𝐮,𝐭−𝟏) × �̅�)  ∀ u, t                   (11) 

 

Genu,t−1 − Genu,t ≤ IntLength × (NegRampRateu + (𝐫𝐮,𝐭−𝟏 − 𝐫𝐮,𝐭) × �̅�) ∀ u, t                    (12) 

 

SRu,t ResResponseTime⁄ ≤ (PosRampRateu)  ∀ u, t                                                               (13) 

 

∑ (1 − Commitu,t) = 0
InitMinUpu
t=1     ∀ u                                                                                      (14) 

 

∑ (Commitu,n) ≥ MinDTu ×
t+MinUTu−1
n=t  (Commitu,t − Commitu,t−1)    

                                                                            ∀u, ∀ t ∈ {InitMinUpu + 1, T − MinUTu + 1}         (15) 

 

∑ (Commitu,n − (Commitu,t − Commitu,t−1)) ≥ 0T
n=t     ∀ u, ∀t ∈ {T − MinUTu + 2, T}      (16) 

 

∑ Commitu,t = 0
InitMinDownu
t=1     ∀ u                                                                                            (17) 

 

∑ (1 − Commitu,n) ≥ MinDTu ×
t+MinDTu−1
n=t  (Commitu,t−1 − Commitu,t)  ∀ u, ∀ t ∈

{InitMinDownu + 1, T − MinDTu + 1}                                                                                      (18) 

 

∑ ((1 − Commitu,n) − (Commitu,t−1 − Commitu,t)) ≥ 0T
n=t      ∀ u, ∀t ∈ {T − MinDTu + 2, T}                     
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                                                                                                                                                      (19) 

 

∑ 𝐒𝐭𝐨𝐫𝐚𝐠𝐞𝐔𝐧𝐢𝐭𝐬𝐮 × (𝟏 − 𝐫𝐮,𝐢)
𝐭
𝐢=𝟏 ≥ −𝐒𝐭𝐨𝐫𝐚𝐠𝐞𝐔𝐧𝐢𝐭𝐬𝐮 × 𝐇𝐮   ∀ 𝐮, 𝐭                                        (20) 

 

∑ 𝐒𝐭𝐨𝐫𝐚𝐠𝐞𝐔𝐧𝐢𝐭𝐬𝐮 ×𝐭
𝐢=𝟏 (𝐫𝐮,𝐢 − 𝟏) ≤ 𝟎         ∀𝐮, 𝐭                                                                        (21) 

 
Genu,t, SRu,t, StartCostu,t, OverGent, UnderGent, UnmetSRt, VSchedulet, 𝐖𝐏𝐮,𝐭, 𝐫𝐮,𝐭 ≥ 0 ∀u, t 

                                                                                                                                                      (22) 

A short description of each constraint of B-DAUC model is provided below: 

The first constraint (equation (2)) ensures that supplied electricity is exactly equal to the 

load provided we account for any under- or over-generation that might occur at a given 

time.    

The second constraint (equation (3)) restricts average power system CO2 emissions to 

given limit.     

The third constraint (equation (4)) ensures that the sum of acquired spinning reserve and 

spinning reserve scarcity is greater than or equal to the required spinning reserve. 

The fourth constraint (equation (5)) ensures that scheduled dispatch of wind-based 

electricity from the aggregated wind resource in the test system is less than or equal to 

the forecasted wind power available at the given time. 

The fifth constraint (equation (6)) ensures that if given unit contains a flexible CCS 

retrofit, enhanced regeneration occurs at a rate less than or equal to the maximum 

allowable limit (determined by the scale by which the corresponding regeneration and 
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compression units of the CCS unit are increased to enable flexible operation of post-

combustion CCS through amine-storage). 

The fifth constraint (equation (6)) ensures that if given unit contains a co-located wind 

farm, the day ahead scheduled dispatch of wind-based electricity is less than the 

corresponding day ahead forecast for available wind power in the given region, at the 

given time. 

The seventh constraint (equation (8)) ensures that start-up costs are incurred if a unit is 

started up at given time. 

The eighth and ninth constraints (equations (9) and (10)) ensure that committed units 

operate within the maximum and minimum generation limits. 

The tenth and eleventh constraints (equations (11) and (12)) ensure that committed units 

operate within the maximum up and down ramp capabilities of the unit. These 

constraints also highlight the fact that up and down ramp capabilities changes when the 

unit is retrofitted with flexible CCS. 

The twelfth constraint (equation (13)) ensures that the ramp capability of a given unit 

enables the said unit to provide scheduled spinning reserves (if any). 

The thirteenth through the eighteenth constraints (equations (14)-(19)) ensure that units 

are commitment without violating constraints on operation imposed by minimum up- 

and down- time characteristics of individual units. 
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The nineteenth and twentieth constraints (equations (20) and (21)) ensure that the amine 

storage tank does not overflow and that the lean amine solution is not regenerated (i.e. 

regeneration does not occur even when the storage tank is empty).  

The twenty-first constraint (equation (22)) ensures that all decision variables are non-

negative. 

Day-ahead Unit Commitment Model for StdMC-Env Operation (B-DAUC), Baseline 

configuration 

The following changes need to be made to model for the FlexCCSWithWind 

Configuration: 

Remove constraint in equation (3), and set input parameter StorageUnitu = 0. 

Day-ahead Unit Commitment Model for StdMC-Env Operation (B-DAUC), CCS 

configuration 

The following changes need to be made to model for the FlexCCSWithWind 

Configuration: 

Remove decision variable ru,t from list of decision variables and replace its value with 1. 

Remove constraints listed in equations (6),(7), (20) and (21). 

Day-ahead Unit Commitment Model for StdMC-Env Operation (B-DAUC), CCSOnOff 

configuration 
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 The following changes need to be made to model for the FlexCCSWithWind 

Configuration: 

Convert decision variable ru,t to a binary decision variable, set input parameter SFu to 1 

and Hu to 0. Remove constraints listed in equations (6),(7), (20) and (21). 

As per information in [61] [62], it is assumed that once the CCS unit is completely shut 

down, it takes 3 hours for the CCS system to turn back on again. So, the following two 

new constraints are introduced: 

∑ (1 − ru,t) = 03
t=1     ∀ u  

∑ (ru,n − (ru,t − ru,t−1)) ≥ 0T
n=t     ∀ u, ∀t ∈ {T − 3 + 2, T}    

Day-ahead Unit Commitment Model for StdMC-Env Operation (B-DAUC), 

FlexCCSRemoteWind configuration 

Replace decision variable WPu,t with value 0, and remove constraint in equation (7). 

Day-ahead Unit Commitment for RCMC-Env (RC-DAUC),FlexCCSWithWind 

Configuration 

Portions of equations in bold indicate changes due to hybrid system operation in the 

day-ahead unit commitment model for the RCMC-Env model. The objective function is 

the same as that in B-DAUC except we subtract the monetary benefits due to 

introduction of up and down Ramp Capability products.  

Objective function is the same as (1) with the following additional terms: 

− ∑ (RCUpt +× RCUpDCPrice + RCDownt × RCDownDCPrice)T
t=1                                        (23) 
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All constraints are the same as (2)-(22) with the following modifications: 

Change to constraint in (9): 

Genu,t + SRu,t + 𝐫𝐮,𝐭 × �̅� + UnitRCUpu,t ≤ MaxGenu × Commitu,t  ∀ u, t                               (24) 

 

Change to constraint in (10): 

Genu,t + 𝐫𝐮,𝐭 × �̅� − UnitRCDownu,t ≥ MinGenu × Commitu,t  ∀ u, t                                       (25) 

 

Additional components for constraint in (22): 

UnitRCUpu,t, UnitRCDownu,t, RCUpt, RCDownt ≥ 0 ∀t                                                            (26) 

 

Five New Constraints are added: 

 

UnitRCUpu,t RampResponseTime⁄ ≤ (PosRampRateu + (𝐫𝐮,𝐭 − 𝐫𝐮,𝐭−𝟏) × �̅�)  ∀ u, t             (27)                                                                                                             

 

UnitRCDownu,t RampResponseTime⁄ ≤ (NegRampRateu + (𝐫𝐮,𝐭−𝟏 − 𝐫𝐮,𝐭) × �̅�) ∀ u, t        (28)                                                                                                                                  

 

RCUpt ≤ RCUpDCMaxt  ∀t                                                                                                         (29) 

 

RCDownt ≤ RCDownDCMaxt  ∀t                                                                                              (30) 

 

∑ (UnitRCUpu,t) ≥ RCUpt
Units
u=1    ∀t                                                                                             (31) 

 

∑ (UnitRCDownu,t) ≥ RCDownt
Units
u=1    ∀t                                                                                  (32) 

 

Equations (24)-(32) listing the changed and new constraints may be described as follows: 

Equations (24) and (25) ensure that for every given unit at a given instant of time: the 

sum of the scheduled electricity dispatch to the day-ahead energy market, scheduled 

day ahead spinning reserve and scheduled day ahead energy penalty due to CCS energy 

penalty (if the unit contains a CCS retrofit) does not exceed the maximum installed 

capacity, or becomes less than the minimum generation level of the said unit.  
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Equation (26) ensures that the up and down ramp capability procured from individual 

units as well as that of the entire test system is a non-negative quantity. 

Equations (27) and (28) ensure that the up and down ramp capability procured from 

individual units are within the maximum up and down ramp capabilities of the 

corresponding unit. 

Equations (29) and (30) ensure that the total system up and down ramp capabilities that 

are procured is less than or equal to targeted up and down ramp capabilities. 

Equations (31) and (32) ensure that total system up and down ramp capabilities that are 

procured is less than or equal to the sum of maximum up and down ramp capabilities of 

the units supplying ramp capability products to the system at the given time. 

Day-ahead Unit Commitment Model for RCMC-Env Operation (RC-DAUC), Baseline 

configuration 

The following changes need to be made to model for the 

FlexCCSWithWindConfiguration: 

Remove constraint in equation (3), and set input parameter StorageUnitu = 0. 

Day-ahead Unit Commitment Model for RCMC-Env Operation (RC-DAUC), CCS 

configuration 

The following changes need to be made to model for the 

FlexCCSWithWindConfiguration: 
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Remove decision variable ru,t from list of decision variables and replace its value with 1. 

Remove constraints listed in equations (6), (7), (20) and (21). 

Day-ahead Unit Commitment Model for RCMC-Env Operation (RC-DAUC), CCSOnOff 

configuration 

 The following changes need to be made to model for the FlexCCSWithWind 

Configuration: 

Convert decision variable ru,t to a binary decision variable, set input parameter SFu to 1 

and Hu to 0. Remove constraints listed in equations (6),(7), (20) and (21). 

As per information in [61] [62], it is assumed that once the CCS unit is completely shut 

down, it takes 3 hours for the CCS system to turn back on again. So, the following two 

new constraints are introduced: 

∑ (1 − ru,t) = 03
t=1     ∀ u  

∑ (ru,n − (ru,t − ru,t−1)) ≥ 0T
n=t     ∀ u, ∀t ∈ {T − 3 + 2, T}    

Day-ahead Unit Commitment Model for RCMC-Env Operation (RC-DAUC), 

FlexCCSRemoteWind configuration 

The following changes need to be made to model for the FlexCCSWithWind 

Configuration: 

Replace decision variable WPu,t with value 0, and remove constraint in equation (7). 
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Day-ahead Economic Dispatch Model for StdMC-Env (B-DAED), FlexCCSWithWind 

configuration 

Equations (33)-(47) present the mathematical formulation for the linear optimization 

problem to solve the economic dispatch problem. As can be observed from the objective 

function in equation (33), this is a production-cost minimization model where the 

objective is to minimize the power system operation costs (this includes fuel costs – 

including fuel used up to operate the CCS units, operation and maintenance costs of the 

generating units and the CCS units including costs of amine solution, no-load costs, cost 

of starting up a unit, and penalty payments for under- and over-generation and 

spinning reserve scarcity events in the test system) where the commitment schedule is 

obtained from the B-DAUC model. Portions of the equation that are in bold indicate 

additions made to the standard problem formulation of an economic dispatch problem 

to incorporate the operation of flexible CCS operation in post-combustion amine-based 

CCS retrofits via amine storage, and the operation of co-located wind-farms in the 

hybrid wind-coal system. The constraint for power system CO2 emission is italicized.  

Objective: 

Min ∑ (∑ ((Genu,t + 𝐫𝐮,𝐭 × �̅�) × MCu + SRu,t × SRCu + 𝐀𝐎𝐄 × 𝐖𝐏𝐮,𝐭 + 𝐫𝐮,𝐭 × �̅� ×U
u=1

T
t=1

𝐕𝐚𝐫𝐂𝐂𝐒) + OverGent × OverGenPen + UnderGent × UnderGenPen + UnmetSRt ×

SRScarcityPen)                                                                                                                           (33) 

 

Subject to: 

∑ (Genu,t + WPu,t) + VSchedulet + UnderGent − OverGent = FDemandt
U
u=1      ∀ t             (34) 
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∑ ∑ (𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑈𝑛𝑖𝑡𝑠𝑢 × (1 − 𝑀𝑎𝑥𝐶𝑎𝑝𝑅𝑎𝑡𝑒𝑢) × 𝐶𝑂2𝐸𝑚𝑢
𝑇
𝑡=1

𝑈
𝑢=1 × (𝐺𝑒𝑛𝑢,𝑡 − 𝑊𝑃𝑢,𝑡) +  

 (1 − 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑈𝑛𝑖𝑡𝑠𝑢) × 𝐶𝑂2𝐸𝑚𝑢 × 𝐺𝑒𝑛𝑢,𝑡) ≤ 𝐶𝑂2𝐿𝑖𝑚 × ∑ ∑ 𝐺𝑒𝑛𝑢,𝑡
𝑇
𝑡=1

𝑈
𝑢=1                        (35) 

 

∑ SRu,t + UnmetSRt ≥ SpinReqt
U
u=1     ∀ t                                                                                 (36) 

 

VSchedulet ≤ VForecastt  ∀ t                                                                                                     (37) 

 

ru,t ≤ StorageUnitu × SFu             ∀ u, t                                                                                      (38) 

 

WPu,t ≤ StorageUnitu × WPu,t
FC  ∀ u, t                                                                                        (39) 

 

Genu,t + SRu,t + 𝐫𝐭 × �̅�  + 𝐖𝐏𝐮,𝐭 ≤ MaxGenu × Commitu,t  ∀ u, t                                           (40)     

 

Genu,t + 𝐫𝐭 × �̅� ≥ MinGenu × Commitu,t  ∀ u, t                                                                        (41) 

 

Genu,t − Genu,t−1 ≤ IntLength × (PosRampRateu + (𝐫𝐮,𝐭 − 𝐫𝐮,𝐭−𝟏) × �̅�)  ∀ u, t                   (42) 

 

Genu,t−1 − Genu,t ≤ IntLength × (NegRampRateu + (𝐫𝐮,𝐭−𝟏 − 𝐫𝐮,𝐭) × �̅�) ∀ u, t                    (43) 

 

 
SRu,t

ResResponseTime
≤ (PosRampRateu + (𝐫𝐮,𝐭 − 𝐫𝐮,𝐭−𝟏) × �̅�)∀ u, t                                              (44) 

 

∑ 𝐒𝐭𝐨𝐫𝐚𝐠𝐞𝐔𝐧𝐢𝐭𝐬𝐮 × (𝟏 − 𝐫𝐮,𝐢)
𝐭
𝐢=𝟏 ≥ −𝐒𝐭𝐨𝐫𝐚𝐠𝐞𝐔𝐧𝐢𝐭𝐬𝐮 × 𝐇𝐮   ∀ 𝐮, 𝐭                                       (45) 

 

∑ 𝐒𝐭𝐨𝐫𝐚𝐠𝐞𝐔𝐧𝐢𝐭𝐬𝐮 ×𝐭
𝐢=𝟏 (𝐫𝐮,𝐢 − 𝟏) ≤ 𝟎         ∀𝐮, 𝐭                                                                        (46) 

 

Genu,t, SRu,t, OverGent, UnderGent, UnmetSRt, VSchedulet, 𝐖𝐏𝐮,𝐭, 𝐫𝐮,𝐭 ≥ 0 ∀u, t                   (47) 

 

A short description of each constraint of B-DAED model is provided below: 

The first constraint (equation (34)) ensures that supplied electricity is exactly equal to the 

load provided we account for any under- or over-generation that might occur at a given 

time.    
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The second constraint (equation (35)) restricts average power system CO2 emissions to 

given limit.     

The third constraint (equation (36)) ensures that the sum of acquired spinning reserve 

and spinning reserve scarcity is greater than or equal to the required spinning reserve. 

The fourth constraint (equation (37)) ensures that scheduled dispatch of wind-based 

electricity from the aggregated wind resource in the test system is less than or equal to 

the forecasted wind power available at the given time. 

The fifth constraint (equation (38)) ensures that if given unit contains a flexible CCS 

retrofit, enhanced regeneration occurs at a rate less than or equal to the maximum 

allowable limit (determined by the scale by which the corresponding regeneration and 

compression units of the CCS unit are increased to enable flexible operation of post-

combustion CCS through amine-storage). 

The fifth constraint (equation (39)) ensures that if given unit contains a co-located wind 

farm, the day ahead scheduled dispatch of wind-based electricity is less than the 

corresponding day ahead forecast for available wind power in the given region, at the 

given time. 

The sixth and seventh constraints (equations (40) and (41)) ensure that committed units 

operate within the maximum and minimum generation limits. 
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The eighth and ninth constraints (equations (42) and (43)) ensure that committed units 

operate within the maximum up and down ramp capabilities of the unit. These 

constraints also highlight the fact that up and down ramp capabilities changes when the 

unit is retrofitted with flexible CCS. 

The tenth constraint (equation (44)) ensures that the ramp capability of a given unit 

enables the said unit to provide scheduled spinning reserves (if any). 

The eleventh and twelfth constraints (equations (45) and (46)) ensure that the amine 

storage tank does not overflow and that the lean amine solution is not regenerated (i.e. 

regeneration does not occur even when the storage tank is empty).  

The thirteenth constraint (equation (47)) ensures that all decision variables are non-

negative. 

Day-ahead Economic Dispatch Model for StdMC-Env Operation (B-DAED), Baseline 

configuration 

The following changes need to be made to model for the FlexCCSWithWind 

Configuration: 

Remove constraint in equation (35), and set input parameter StorageUnitu = 0. 

Day-ahead Economic Dispatch Model for StdMC-Env Operation (B-DAED), CCS 

configuration 
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The following changes need to be made to model for the FlexCCSWithWind 

Configuration: 

Remove decision variable ru,t from list of decision variables and replace its value with 1. 

Remove constraints listed in equations (38), (39), (45) and (46). 

Day-ahead Economic Dispatch Model for StdMC-Env Operation (B-DAED), CCSOnOff 

configuration 

 The following changes need to be made to model for the FlexCCSWithWind 

Configuration: 

Convert decision variable ru,t to input parameter from corresponding B-DAUC model for 

CCSOnOff configuration, set input parameter SFu to 1 and Hu to 0. Remove constraints 

listed in equations (38), (39), (45) and (46).  

Day-ahead Economic Dispatch Model for StdMC-Env Operation (B-DAED), 

FlexCCSRemoteWind configuration 

The following changes need to be made to model for the FlexCCSWithWind 

Configuration: 

Replace decision variable WPu,t with value 0, and remove constraint in equation (39). 

Day-Ahead Economic Dispatch Model for RCMC-Env (RC-DAED), FlexCCSWithWind 

configuration  
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Portions of equations in bold indicate changes due to hybrid system operation in the 

day-ahead economic dispatch model for the RCMC-Env model. The objective function is 

the same as that in B-DAED except we subtract the monetary benefits due to 

introduction of up and down Ramp Capability products.  

Objective function is the same as (33) with the following additions: 

− ∑ (RCUpt × RCUpDCPrice + RCDownt × RCDownDCPrice)T
t=1                                           (48) 

 

All constraints are the same as (34-47) with the following modifications: 

 

Change to constraint (34): 

Genu,t + SRu,t + UnitRCUpu,t + 𝐫𝐭 × �̅� + 𝐖𝐏𝐮,𝐭 ≤ MaxGenu × Commitu,t  ∀ u, t                   (49) 

 

Change to constraint (41): 

Genu,t + 𝐫𝐭 × �̅� − UnitRCDownu,t ≥ MinGenu × Commitu,t  ∀ u, t                                          (50) 

 

Additional components to constraint (47): 

UnitRCUpu,t, UnitRCDownu,t, RCUpt, RCDownt ≥ 0 ∀t                                                            (51) 

 

New Constraints: 

UnitRCUpu,t RampResponseTime⁄ ≤ (PosRampRateu + (𝐫𝐮,𝐭 − 𝐫𝐮,𝐭−𝟏) × �̅�)∀ u, t               (52) 

 

UnitRCDownu,t RampResponseTime⁄ ≤ (NegRampRateu + (𝐫𝐮,𝐭−𝟏 − 𝐫𝐮,𝐭) × �̅�)  ∀u, t        (53) 

 

RCUpt ≤ RCUpDCMaxt  ∀t                                                                                                         (54) 

 

RCDownt ≤ RCDownDCMaxt  ∀t                                                                                              (55) 

 

∑ (UnitRCUpu,t) ≥ RCUpt
Units
u=1    ∀t                                                                                            (56) 

 

∑ (UnitRCDownu,t) ≥ RCDownt
Units
u=1    ∀t                                                                                 (57) 

 

Equations (49)-(57) listing the changed and new constraints may be described as follows: 
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Equations (49) and (50) ensure that for every given unit at a given instant of time: the 

sum of the scheduled electricity dispatch to the day-ahead energy market, scheduled 

day ahead spinning reserve and scheduled day ahead energy penalty due to CCS energy 

penalty (if the unit contains a CCS retrofit) does not exceed the maximum installed 

capacity, or becomes less than the minimum generation level of the said unit.  

Equation (51) ensures that the up and down ramp capability procured from individual 

units as well as that of the entire test system is a non-negative quantity. 

Equations (52) and (53) ensure that the up and down ramp capability procured from 

individual units are within the maximum up and down ramp capabilities of the 

corresponding unit. 

Equations (54) and (55) ensure that the total system up and down ramp capabilities that 

are procured is less than or equal to targeted up and down ramp capabilities. 

Equations (56) and (57) ensure that total system up and down ramp capabilities that are 

procured is less than or equal to the sum of maximum up and down ramp capabilities of 

the units supplying ramp capability products to the system at the given time. 

Day-ahead Economic Dispatch Model for RCMC-Env Operation (RC-DAED), Baseline 

configuration 

The following changes need to be made to model for the FlexCCSWithWind 

Configuration: 
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Remove constraint in equation (35), and set input parameter StorageUnitu = 0. 

Day-ahead Economic Dispatch Model for RCMC-Env Operation (RC-DAED), CCS 

configuration 

The following changes need to be made to model for the FlexCCSWithWind 

Configuration: 

Remove decision variable ru,t from list of decision variables and replace its value with 1. 

Remove constraints listed in equations (38), (39), (45) and (46). 

Day-ahead Economic Dispatch Model for RCMC-Env Operation (RC-DAED), 

CCSOnOff configuration 

 The following changes need to be made to model for the FlexCCSWithWind 

Configuration: 

Convert decision variable ru,t to input parameter from corresponding B-DAUC model for 

CCSOnOff configuration, set input parameter SFu to 1 and Hu to 0. Remove constraints 

listed in equations (38), (39), (45) and (46).  

Day-ahead Economic Dispatch Model for RCMC-Env Operation (RC-DAED), 

FlexCCSRemoteWind configuration 

The following changes need to be made to model for the FlexCCSWithWind 

Configuration: 

Replace decision variable WPu,t with value 0, and remove constraint in equation (39). 
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Real-time Economic Dispatch for StdMC-Env (B-RTED), FlexCCSWithWind 

configuration 

Portions of equations in bold indicate changes due to hybrid system operation in the 

day-ahead economic dispatch model for the StdMC-Env model. 

The objective function is the same as that in B-DAED 

All constraints the same as (34)-(47) with the following modifications: 

Constraint (34) is replaced with: 

∑ (Genu,t + 𝐖𝐏𝐮,𝐭) + VSchedulet + UnderGent − OverGent = ActDemandt
U
u=1      ∀ t         (58)                                                                                                                               

 

Constraint (37) is replaced with: 

VSchedulet ≤ VAvailablet  ∀ t                                                                                                    (59) 

 

Constraint (41) is replaced with: 

Genu,t + ru,t × E̅ ≥ (MinGenu × Commitu,t − SUIntsRemainu,t × (PosRampRateu + (𝐫𝐮,𝐭 −

𝐫𝐮,𝐭−𝟏) × �̅�) × IntLength) × (1 − ShuttingDownu,t) ∀ u, t                                                      (60)                                            

 

New Constraint: 
Genu,t + ru,t × E̅ ≤ (FutureSDu + T − t) × IntLength × (NegRampRateu + (𝐫𝐮,𝐭−𝟏 − 𝐫𝐮,𝐭) ×

�̅�)  ∀ u, t                                                                                                                                       (61) 

 

Equations (58)-(61) listing the changed and new constraints may be described as follows: 

Equation (58) ensures that the sum of total real time electricity generated, and under and 

over generation penalty is exactly equal to the real time demand in the test system. 

Equation (59) ensures that scheduled real time dispatch of wind-based electricity from 

the aggregated wind resource in the test system is less than or equal to the actual wind 

power available at the given time. 
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Equation (60) ensures that all committed units are supplying electricity to satisfy 

demand or generating sufficient steam to perform regeneration operation (if the unit has 

a CCS retrofit) such that the minimum generation level constraints, minimum up and 

downtime constraints, and constraints on the time required to turn on the unit are 

satisfied. 

 Equation (61) ensures that constraints on time requirements to shut down a given unit 

are satisfied. 

Real-time Economic Dispatch for RCMC-Env (RC-RTED), FlexCCSWithWind 

Configuration 

Portions of equations in bold indicate changes due to hybrid system operation in the 

day-ahead economic dispatch model for the RCMC-Env model. 

The objective function is the same as that in RC-DAED 

 

All constraints the same as (49)-(57) with the following modifications: 

Change to constraint (52): 
UnitRCUpu,t

RampInts∗IntLength
≤ (PosRampRateu + (𝐫𝐮,𝐭 − 𝐫𝐮,𝐭−𝟏) × �̅�)  ∀ u, t                                          (62) 

 

Change to constraint (53): 
UnitRCDownu,t

RampInts∗Intlength
≤ (NegRampRateu + (𝐫𝐮,𝐭−𝟏 − 𝐫𝐮,𝐭) × �̅�)   ∀u, t                                          (63)                                             

 

New Constraints: 
Genu,t + UnitRCUpu,t + ru,t × E̅ ≤ (FutureSDu + T − t) × IntLength × (NegRampRateu +

(𝐫𝐮,𝐭−𝟏 − 𝐫𝐮,𝐭) × �̅�)  ∀ u, t                                                                                                            (64)                                                                                                

 

Equations (62)-(64) listing the changed and new constraints may be described as follows: 
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Equations (62) and (63) ensure that the up and down ramp capability procured from 

individual units are within the maximum up and down ramp capabilities of the 

corresponding unit. 

Equation (64) ensures that all committed units are supplying electricity to satisfy 

demand or generating sufficient steam to perform regeneration operation (if the unit has 

a CCS retrofit) such that the minimum generation level constraints, minimum up and 

downtime constraints, and constraints on the time required to turn on the unit are 

satisfied. 

Models for the Real-time Economic Dispatch for StdMC-Env (B-RTED),and RCMC-Env 

(RC-RTED) for the remaining five configurations require the same set of modifications 

as that required for  the corresponding day-ahead economic dispatch models. 

 

 10. Revenue Sufficiency Guarantee (RSG) Payment Calculations  

This section, describes in detail, the equations used for calculating Revenue Sufficiency 

Guarantee payments.  Superscripts ‘DAUC’,’DAED’ and ‘RTED’ represent results from 

the corresponding models (e.g. Genu,t
DAED represents the average power generation of unit 

u during time interval t per the day ahead economic dispatch model). Equations (68) –

(74) can be used to calculate RSG payments for both StdMC-Env and RCMC-Env models 
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by using day-ahead and real-time outputs from their respective day-ahead and real-time 

models for unit commitment and economic dispatch.       

Generator Costs for unit u during day d (𝐆𝐂𝐮,𝐝)= ∑ (Genu,t
RTED × MCu + SRu,t

RTED ×t∈d

SRCu + Commitu,t
DAUC × NLCu + Startedu,t

DAUC × StartCu + AOEu  × WPu,t + ru,t × E̅ × VarCCS)    

                                                                                                                                                      (65) 

 

Generator Market Revenue (𝐆𝐌𝐑𝐮,𝐝) 

=∑ (Genu,t
DAED × MCPEt

DAED + max(Genu,t
RTED−Genu,t

DAED, 0) × MCPEt
RTED + SRu,t

DAED ×t∈d

MCPSRt
DAED + max(SRu,t

RTED − SRu,t
DAED, 0) × MCPSRt

RTED                                                       (66) 

Generator Uplift Revenue or Revenue Sufficiency Guarantee Payment (𝐆𝐔𝐑𝐮,𝐝) = 

Max{(GCu,d − GMRu,d),0}                                                           (67) 

Generator Total Revenue 𝐝𝐮𝐫𝐢𝐧𝐠 𝐚 𝐝𝐚𝐲(𝐆𝐓𝐑𝐮,𝐝)= 

GMRu,d + GURu,d                                                                                                                        (68) 

Revenue Sufficiency Guarantee Payments to All Generators in month m (𝐓𝐔𝐆𝐦)=  

∑ ∑ (GURu,d)u∈Ud∈m                                                                                                                     (69) 

Total Payments to All Generators in month m (𝐓𝐏𝐆𝐦)=  

∑ ∑ (GMRu,d + GURu,d)u∈Ud∈m                                                                                                    (70) 

RCMC Operation 

Equation (66) is modified to include the additional terms: 
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+ ∑ (UnitRCUPu,t
DAED × RCUpDCPrice + max(UnitRCUPu,t

RTED − UnitRCUPu,t
DAED, 0) ×T

t=1

RCUpDCPrice + UnitRCDownu,t
DAED × RCDownDCPrice +

max(UnitRCDownu,t
RTED−UnitRCDownu,t

DAED, 0) × RCDownDCPrice)                                     (71) 

11. Levelized Annual Capital and O&M Costs, and Annual Generation for the Most 

and Least Expensive Hybrid Units 

This section presents additional results from the simulations of the scale version of 

MISO. 

Table 27: Levelized Annual Costs and Annual Generation for the High Wind 

Scenario 

Configurations Used 

With RC Pricing Without RC Pricing 

Levelized Annual Capital and 

O&M Costs ($) 

Annual Generation 

(MWh) 

Levelized Annual Capital and 

O&M Costs ($) 

Annual Generation 

(MWh) 

 Unit 9 Unit 18 Unit 9 Unit 18 Unit 9 Unit 18 Unit 9 Unit 18 

CCS 

               

289,525,709  

           

600,135,299  

      

2,396,736  

      

5,116,243  

                    

289,525,709  

                   

566,324,860  

      

2,396,736  

          

4,828,004  

CCSOnOff 

               

300,478,792  

           

626,379,464  

      

2,516,573  

      

5,404,482  

                    

297,762,492  

                   

602,880,776  

      

2,436,682  

          

5,188,303  

FlexCCS 

               

333,026,467  

           

630,076,129  

      

2,796,192  

      

5,620,661  

                    

318,478,280  

                   

613,408,707  

      

2,636,410  

          

5,404,482  

FlexCCSWithWind 

               

372,332,938  

           

696,421,551  

      

3,115,757  

      

6,125,080  

                    

364,603,464  

                   

677,750,867  

      

2,995,920  

          

5,908,900  

FlexCCSRemoteWind 

               

368,905,605  

           

684,171,391  

      

3,115,757  

      

6,125,080  

                    

357,113,664  

                   

672,432,856  

      

2,995,920  

          

5,908,900  

 

Table 28: Levelized Annual Costs and Annual Generation for the Low Wind 

Scenario 

Configurations Used 

With RC Pricing Without RC Pricing 

Levelized Annual Capital and 

O&M Costs ($) 

Annual Generation 

(MWh) 

Levelized Annual Capital and 

O&M Costs ($) 

Annual Generation 

(MWh) 

 Unit 9 Unit 18 Unit 9 Unit 18 Unit 9 Unit 18 Unit 9 Unit 18 

CCS 
               

312,662,200  

           

608,587,909  

      

2,556,518  

      

5,188,303  

                    

312,662,200  

                   

583,230,080  

      

2,556,518  

          

4,972,123  
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CCSOnOff 
               

319,639,063  

           

609,913,438  

      

2,692,831  

      

5,253,346  

                    

315,055,747  

                   

585,629,670  

      

2,651,984  

          

5,044,183  

FlexCCS 
               

341,187,353  

           

606,382,880  

      

2,836,138  

      

5,404,482  

                    

339,457,709  

                   

588,872,359  

      

2,796,192  

          

5,188,303  

FlexCCSWithWind 
               

368,789,763  

           

683,025,641  

      

3,075,811  

      

5,980,960  

                    

363,704,688  

                   

663,526,270  

      

2,995,920  

          

5,764,781  

FlexCCSRemoteWind 
               

366,636,695  

           

669,867,529  

      

3,075,811  

      

5,980,960  

                    

359,210,808  

                   

659,490,924  

      

2,995,920  

          

5,764,781  

 

12. System Costs and CO2 Emissions 

This section presents additional results from the simulations of the scale version of 

MISO. 

Table 29: System Costs and CO2 Emissions for High Wind Scenario 

Configuration 

Considered 

With RC Pricing Without RC Pricing 
𝐓𝐨𝐭𝐚𝐥 𝐂𝐨𝐬𝐭𝐬𝐂𝐨𝐧𝐟𝐢𝐠𝐮𝐫𝐚𝐭𝐢𝐨𝐧 𝐗

− 𝐓𝐨𝐭𝐚𝐥 𝐂𝐨𝐬𝐭𝐬𝐁𝐚𝐬𝐞𝐥𝐢𝐧𝐞 

𝐂𝐎𝟐 𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧𝐬𝐁𝐚𝐬𝐞𝐥𝐢𝐧𝐞

−  𝐂𝐎𝟐 𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧𝐬𝐂𝐨𝐧𝐟𝐢𝐠𝐮𝐫𝐚𝐭𝐢𝐨𝐧 𝐗 
𝐓𝐨𝐭𝐚𝐥 𝐂𝐨𝐬𝐭𝐬𝐂𝐨𝐧𝐟𝐢𝐠𝐮𝐫𝐚𝐭𝐢𝐨𝐧 𝐗

− 𝐓𝐨𝐭𝐚𝐥 𝐂𝐨𝐬𝐭𝐬𝐁𝐚𝐬𝐞𝐥𝐢𝐧𝐞 

𝐂𝐎𝟐 𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧𝐬𝐁𝐚𝐬𝐞𝐥𝐢𝐧𝐞

−  𝐂𝐎𝟐 𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧𝐬𝐂𝐨𝐧𝐟𝐢𝐠𝐮𝐫𝐚𝐭𝐢𝐨𝐧 𝐗 

 

CCS 

                                   

11,062,125,446  

                                                

181,346,319  

                                 

13,064,050,080  

                                                

181,193,482  

 

CCSOnOff 

                                   

11,092,125,446  

                                                

183,292,314  

                                 

12,929,167,990  

                                                

180,323,124  

 

FlexCCS 

                                   

11,198,563,493  

                                                

185,955,633  

                                 

13,159,779,873  

                                                

185,349,012  

 

FlexCCsWithWind 

                                   

11,249,063,493  

                                                

189,395,844  

                                 

13,389,194,179  

                                                

189,112,912  

 

FlexCCSRemoteWind 

                                   

11,348,147,045  

                                                

189,395,844  

                                 

13,521,573,217  

                                                

189,112,912  

 

Table 30: System Costs and CO2 Emissions for Low Wind Scenario 

Configuration 

Considered 

With RC Pricing Without RC Pricing 

𝐓𝐨𝐭𝐚𝐥 𝐂𝐨𝐬𝐭𝐬𝐂𝐨𝐧𝐟𝐢𝐠𝐮𝐫𝐚𝐭𝐢𝐨𝐧 𝐗

− 𝐓𝐨𝐭𝐚𝐥 𝐂𝐨𝐬𝐭𝐬𝐁𝐚𝐬𝐞𝐥𝐢𝐧𝐞 

𝐂𝐎𝟐 𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧𝐬𝐁𝐚𝐬𝐞𝐥𝐢𝐧𝐞

−  𝐂𝐎𝟐 𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧𝐬𝐂𝐨𝐧𝐟𝐢𝐠𝐮𝐫𝐚𝐭𝐢𝐨𝐧 𝐗 
𝐓𝐨𝐭𝐚𝐥 𝐂𝐨𝐬𝐭𝐬𝐂𝐨𝐧𝐟𝐢𝐠𝐮𝐫𝐚𝐭𝐢𝐨𝐧 𝐗

− 𝐓𝐨𝐭𝐚𝐥 𝐂𝐨𝐬𝐭𝐬𝐁𝐚𝐬𝐞𝐥𝐢𝐧𝐞 

𝐂𝐎𝟐 𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧𝐬𝐁𝐚𝐬𝐞𝐥𝐢𝐧𝐞

−  𝐂𝐎𝟐 𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧𝐬𝐂𝐨𝐧𝐟𝐢𝐠𝐮𝐫𝐚𝐭𝐢𝐨𝐧 𝐗 

 

CCS 

                                   

10,890,940,826  

                                                

159,875,251  

                                 

11,489,865,460  

                                                

158,222,415  

 

CCSOnOff 

                                   

10,917,016,087  

                                                

161,485,251  

                                 

11,508,983,369  

                                                

159,752,057  

 

FlexCCS 

                                   

11,079,563,988  

                                                

164,695,392  

                                 

11,645,595,253  

                                                

161,977,945  

 

FlexCCsWithWind 

                                   

11,172,480,213  

                                                

167,310,238  

                                 

11,723,009,559  

                                                

164,741,845  

 

FlexCCSRemoteWind 

                                   

11,231,047,081  

                                                

167,310,238  

                                 

11,760,188,597  

                                                

164,741,845  
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13. EWITS Wind Farm site numbers closest to the five largest, most efficient coal units 

in the test system, land area requirements and available land area 

Table 31: EWITS Wind Farm site numbers closest to the five largest, most 

efficient coal units in the test system 

ORIS code 

of Coal-

Generator Latitude Longitude 

State in which 

Generator is 

Located 

Closest EWITS 

Wind Site and 

State 

Wind Farm 

Size (MW) 

for High 

Wind 

Area_HW 

(km^2) 

Wind 

Farm Size 

(MW) for 

Low 

Wind 

Area_LW 

(km^2) 

Land Area 

Available 

(km^2) 

856 40.59 -89.66 Illinois 7008 (Illinois) 75.25 0.65 - 2.73 12.5 0.11-0.45 >23.14 

6098 45.3 -96.51 South Dakota 4526 (Minnesota)  110.29 0.95 - 4.0 29.3 0.25-1.06 >26.91 

994 38.53 -87.25 Indiana 7295 (Indiana) 98.53 0.85 - 3.41 25.3 0.21-0.92 >19.9 

1082 41.18 -95.84 Iowa 3170 (Nebraska) 151.23 1.31 - 5.49 44.1 0.38-1.60 ~0.22 

1733 41.89 -83.35 Michigan 6513 (Michigan) 180.0626 1.55 - 6.53 99.4 0.86-3.61 ~5.79 

 

 

Table 31 lists the ORIS codes of coal units in the test system to be retrofitted with 

CCS, EWITS wind sites numbers closest to these coal units, land area requirements 

(calculated as per data from NREL’s System Advisor Model (SAM)) and available land 

in the area (as per information from Google Earth Pro) 

14. Spinning Reserve Costs and Penalty Payments 

This section presents additional results from the simulations of the scale version of 

MISO. 
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Table 32: Spinning Reserve Requirements and Costs, High Wind Scenario 

Scenario 

Annual 

Spinning 

Reserve 

Requirements 

(MWh) 

Percentage 

difference in 

annual Spinning 

Reserve 

Requirements 

relative to Base 

Case 

Payments 

made to units 

offering 

Spinning 

Reserves ($) 

Percentage 

difference in 

annual Spinning 

Reserve Payments 

relative to Base 

Case 

Base Case 
1,609,470   10,026,996   

CCS 
1,609,470 0.0% 10,960,489 9.3% 

CCSOnOff 
1,609,470 0.0% 9,978,712 -0.5% 

FlexCCS 
1,609,470 0.0% 9,254,451 -7.7% 

FlexCCSWithWind 
1,609,470 0.0% 9,367,114 -6.6% 

FlexCCSRemoteWind 1,618,254 
0.5% 9,903,713 -1.2% 

 

Table 33: Unmet Spinning Reserves and Penalty Payments, High Wind 

Scenario 

Scenario 

Annual Unmet 

Spinning 

Reserves 

(MWh) 

Percentage of 

difference in 

annual unmet 

spinning reserves 

relative to base 

case 

Annual 

Penalty for 

Unmet 

Spinning 

Reserves ($) 

Percentage of 

difference in 

annual penalty for 

unmet spinning 

reserves relative to 

base case 

Base Case 
300,317 

  
330,348,260 

  

CCS 
300,519 

0.1% 
330,571,362 

0.1% 

CCSOnOff 
300,245 

0.0% 
330,269,302 

0.0% 

FlexCCS 
300,132 

-0.1% 
330,145,090 

-0.1% 

FlexCCSWithWind 
300,149 

-0.1% 
330,164,032 

-0.1% 

FlexCCSRemoteWind 
300,295 

0.0% 
330,324,995 

0.0% 

 

Table 34: Spinning Reserve Requirements and Costs, Low Wind Scenario 

Scenario 

Annual Spinning 

Reserve 

Requirements 

(MWh) 

Percentage 

difference in annual 

Spinning Reserve 

Requirements 

relative to Base Case 

Annual Payment 

for Spinning 

Reserves ($) 

Percentage 

difference in 

annual 

Spinning 

Reserve 

Payments 

relative to 

Base Case 

Base Case 
1,023,804   5,743,543   
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CCS 
1,023,804 0.0% 5,989,256 4.3% 

CCSOnOff 
1,023,804 0.0% 5,733,305 -0.2% 

FlexCCS 
1,023,804 0.0% 5,446,640 -5.2% 

FlexCCSWithWind 
1,023,804 0.0% 5,528,544 -3.7% 

FlexCCSRemoteWind 
1,028,910 0.5% 5,679,583 -1.1% 

 

Table 35: Unmet Spinning Reserves and Penalty Payments, High Wind 

Scenario 

Scenario 

Annual Unmet 

Spinning Reserves 

(MWh) 

Percentage of 

difference in annual 

unmet spinning 

reserves relative to 

base case 

Annual Penalty 

for Unmet 

Spinning 

Reserves ($) 

Percentage of 

difference in 

annual 

penalty for 

unmet 

spinning 

reserves 

relative to 

base case 

Base Case 
210,675.64 

  
231,743,204.00 

  

CCS 
210,792.19 

0.1% 
231,871,409.00 

0.1% 

CCSOnOff 
210,419.64 

-0.1% 
231,461,604.00 

-0.1% 

FlexCCS 
210,417.64 

-0.1% 
231,459,404.00 

-0.1% 

FlexCCSWithWind 
210,556.64 

-0.1% 
231,612,304.00 

-0.1% 

FlexCCSRemoteWind 
210,778.53 

0.0% 
231,856,383.00 

0.0% 
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