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ABSTRACT 
 
 

Providing reliable, affordable, clean electricity is essential for national economic 

performance and quality of life. A big challenge facing the electric power industry today is to 

meet the nation’s energy needs with the least environmental harm that results from electric power 

plants.  

The electric power industry is and will continue to be a primary focus of existing and 

future greenhouse gas (GHG) emission regulations. Different from other air pollutant regulations 

such as for sulfur dioxide (SO2) and nitrous oxides (NOx), GHG regulations have the potential to 

significantly affect electric power system dispatch and operations over a relatively short period, 

so the implications are significant enough to warrant an in-depth study. 

This dissertation first discusses climate change and the contribution from the electric 

power industry. Various climate change policies and corresponding research done in the electric 

power industry are presented, through which operators, planners, strategists, and investors can 

better understand the potential impacts of GHG regulations on the electric power industry. 

Then several primary power system features that will impact CO2 emissions are analyzed 

in this dissertation, using a simple two-bus two-generator power system. These power system 

features include CO2 emission factors by type of fuel used to generate power, unit thermal 

efficiency, regional generation mix, electricity demand, and transmission constraints. 

This dissertation then develops the CO2 emission-incorporated cost model, which 

includes a fuel cost function, CO2 emission cost function, and fuel-emission cost function. The 

implications of CO2 emission cost on generation dispatch related issues, such as generation cost 

variation and breakeven price of CO2, are studied. Based on the developed CO2 emission-

incorporated cost model, a powerful CO2 emission-incorporated ac optimal power flow has been 
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formulated in this dissertation. 

The effects of the CO2 emission-incorporated ac optimal power flow on electric power 

system dispatch and operations were investigated using the standard IEEE 24-bus reliability test 

system through several case studies. These case studies consider situations of different fuel 

prices and different load levels. For each case study, a wide range of CO2 prices were modeled. 

Finally, in order to meet the annual CO2 emission limits economically, an integer 

programming based optimization methodology for implementing the proposed CO2 emission- 

incorporated optimal power flow has been developed. The optimization methodology has been 

verified by various annual CO2 emission caps. 
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CHAPTER 1 

1                                                        INTRODUCTION 

 
This chapter gives an introduction to climate change, the electric power industry and the 

interaction between them. Climate change and the contribution of the electric power industry are 

given in section 1.1. Section 1.2 provides an objective and scope of this work. Finally, the 

organization of this dissertation is presented in section 1.3. 

1.1 Climate Change and the Electric Power Industry 

1.1.1 Climate Change 

According to the Intergovernmental Panel on Climate Change (IPCC) [1], the definition 

of “Climate Change” is “a change in the state of the climate that can be identified (e.g. using 

statistical tests) by changes in the mean and/or the variability of its properties, and that persists 

for an extended period, typically decades or longer. It refers to any change in climate over time, 

whether due to natural variability or as a result of human activity.” Recently the term “Climate 

Change” is often used interchangeably with the term “Global Warming”1. 

Climate change in recent decades is very likely due to human activities [2]. According to 

the National Oceanic and Atmospheric Administration (NOAA) [3] and the National Aeronautics 

and Space Administration (NASA) [4], the average surface temperature of the earth has 

increased by about 1.2ºF to 1.4ºF since 1900 and the eight warmest years on record (from 1850) 

have all occurred since 1998. The IPCC projected that the global average temperature is likely to 

increase further by 3.2ºF to 7.2ºF in 21st century if no action is taken. 

Studies indicate that the rapid increase in concentrations of greenhouse gases (GHGs) 

since the industrial period is the primary cause of climate change. GHGs are normally referred to 

                                                        
1 The term “climate change” is preferred by National Academy of Sciences because it includes other changes in addition to rising 
temperatures. 
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as the gases that trap heat in the atmosphere, such as water vapor, carbon dioxide (CO2), methane 

(CH4), nitrous oxide (N2O), and ozone (O3). Global warming potential (GWP) is developed by 

IPCC to measure the ability of each GHG to contribute global warming relative to another gas. 

Water vapor and carbon dioxide (CO2) are the two most important GHGs responsible for the 

earth’s greenhouse effects. 

The earth’s surface temperature is roughly constant if the atmospheric concentrations of 

GHGs remain stable over time, which can balance the incoming and outgoing energy between 

the sun and the earth’s surface. The concentrations of CO2 are regulated by a process known as 

the carbon cycle, which involves the movement of carbon between the atmosphere, land and 

oceans. Disturbance of this carbon cycle by human activities breaks the balance between carbon 

emissions and absorption. As a result, the atmospheric concentration of CO2 has being increasing, 

resulting in a rise in earth’s surface temperature. Figure 1.1 shows the variation of CO2 emissions 

and CO2 concentrations from 1751 to 2004. 

 

 

Figure 1.1 CO2 emissions and CO2 concentrations (1751-2004) [5] 
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1.1.2 Electric Power Industry 

Providing reliable, affordable, and clean electricity is essential for national economic 

performance and quality of life. Energy Information Administration (EIA) projected that the 

United States gross domestic product (GDP) will grow at an average annual rate of 2.4 percent 

for the period from 2006 to 2030 [6]. At the same time, the total electricity consumption will 

grow from 3,814 million megawatt hours (MWh) in 2006 to 4,972 million MWh in 2030, a 1.1 

percent average annual increase [6]. 

A big challenge facing the electric power industry today is to meet the nation’s energy 

needs with the least environmental harm that results from electric power plants. The United 

States accounts for one-fourth of the world’s GHG emissions. Within the United States, the 

electric power industry is a major source of GHG and conventional air pollutant emissions. It is 

responsible for 38 percent of overall United States CO2 emissions and one-third of the overall 

United States GHG emissions [7]. The combustion of fossil fuels in power plants will emit air 

pollutants and GHGs. In 2004, 69 percent of sulfur dioxide (SO2) emissions, 22 percent of 

nitrous oxides (NOx) emissions, 33 percent of stationary source mercury emissions, and 39 

percent of CO2 emissions in Unites State were produced by power plants [8]. 

SO2 and NOX emissions from power plants have decreased since 1990. In 2004, SO2 

emissions from power plant were 36 percent lower and NOX emissions from power plant were 44 

percent lower than they were in 1990. This tremendous reduction is largely due to 1990 Clean 

Air Act Amendments. At the same time, the CO2 emissions from power plants have increased 

since 1990 due to no federal level regulations on CO2 emissions. In 2004, the CO2 emissions 

from power plants were 27 percent higher than they were in 1990. The variation of SO2, NOX 

and CO2 emission from U.S. electric power plants during the period of 1995-2006 is shown in 
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Figure 1.2 [8]. The increase of CO2 emissions by the electric power industry is driven up by 

several factors, such as the rising demand for electricity and the growth of generation by both 

existing and new fossil-fired power plants over the past decade. CO2 emissions by the electric 

power industry are predicted to increase 19 percent between 2007 and 2030, due to new or 

expanded coal plants [9]. 

 

 

Figure 1.2 Emissions from U.S. electric power industry, 1995-2006 

 

CO2 emissions from consumption of fossil fuels are proportional to fuel consumption and 

carbon content. For three common fossil fuels, coal has the highest carbon content, followed by 

oil, and natural gas has the lowest carbon content. In 2007, the electric power industry generated 

approximately 4,160 million MWh of electricity, among which 48 percent was produced by coal, 

22 percent was produced by natural gas and 2 percent was produced by oil. Nuclear power is the 

largest non-fossil fuel energy source, which accounts for 19 percent of U.S. electric power. 

Hydroelectricity accounts for nearly 6 percent of U.S. electric power and other power sources 

account for almost 3 percent [10]. The generation fuel mix in U.S. for the year 2007 is 
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summarized in Figure 1.3. 

. 

 
 

Figure 1.3 United States generation fuel mix 

 

The amount of electric power generated varies with time. The total electric power 

generation in United States increased from 3,248 million MWh in 1994 to 4,160 million MWh in 

2007, a 28 percent increase. During this time, coal generation increased 330 million MWh, oil 

decreased 40 million MWh, natural gas increased 435 million MWh, nuclear increased 166 

million MWh, hydro decreased 12 million MWh, and other power sources increased 33 million 

MWh [10]. The variation of U.S. electric generation during the period of 1994-2007 is shown in 

Figure 1.4. 
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Figure 1.4 United States net electric generation (1994-2007) 

 

Due to the amount of power produced and the fuel used to generate the power, the CO2 

emission levels and emission rates vary significantly within the electric power industry. In a 

recent study [8], CO2 emissions from the 100 largest power producers in the U.S., who generated 

88 percent of electric power in the U.S., ranged from 0 to 164 million tons, and CO2 emission 

rates ranged from 0 lbs/MWh to 2864 lbs/MWh. Due to different electricity demand and electric 

generation mix, the CO2 emission varies among states. Table 1.1 lists the ten states that emitted 

the most CO2 in 2007. 
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TABLE 1.1 

1.1 THE TEN STATES THAT EMITTED THE MOST CO2 IN 2007 [9] 

 

Rank State CO2 emission (tons) 

1 Texas 261,798,528 

2 Ohio 138,567,563 

3 Florida 134,511,486 

4 Indiana 132,366,691 

5 Pennsylvania 123,583,664 

6 Illinois 109,014,968 

7 Kentucky 101,784,836 

8 Georgia 100,759,061 

9 Alabama 94,803,674 

10 West Virginia 90,866,457 

 

1.2 Objective and Scope of This Work 

The purpose of this dissertation is to develop a CO2 emission-incorporated ac optimal 

power flow, which has the ability to consider all the power system features that will impact the 

CO2 emissions. The researchers and engineers could use this CO2 emission-incorporated ac 

optimal power flow for investigating the impacts of GHG regulations on electric power system 

dispatch and operations. The developed frameworks are expected to be applied in utilities as a 

planning tool as well as an operational tool. 
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The objectives of this research include the following issues: 

• Identify and analyze the primary power system features that will impact CO2 

emissions from the electric power industry. 

• Develop a CO2 emission-incorporated cost model which can be applied to represent 

the major types of fossil-fired generation units. 

• Develop a CO2 emission-incorporated ac optimal power flow which can either be 

realized by commercial power system software or be developed as stand-alone 

software.  

• Investigate how the proposed approach - CO2 emission-incorporated ac optimal 

power flow - will impact electric power system dispatch and operations.  

• Investigate how to meet GHG regulations using existing electric power generation 

and transmission sources.  

• Design an optimization methodology to implement the proposed CO2 emission- 

incorporated optimal power flow in order to meet the annual CO2 emission limits. 

This dissertation focuses on the CO2 emissions from the combustion of fossil fuels from 

electric power plants; other greenhouse gases and air pollutants are not considered. Other 

technologies and methods, such as carbon capture and storage (CCS), cap and trade systems, and 

building non-CO2 or low CO2 emission power plants to replace older high CO2 emission power 

plants, are not considered in this work too. The effects of climate market or CO2 markets are also 

not considered in this dissertation, and the issues of CO2 emissions are restricted to the electric 

power sector. 

1.3 Organization of Dissertation 

This dissertation is organized into 7 chapters. Chapter 1 introduces the background 
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information on climate change and the electric power system. Chapter 2 reviews various climate 

change policies and research done in the electric power industry. Chapter 3 discusses several 

power system features that will impact the CO2 emissions. Chapter 4 presents the detailed 

modeling and methodology of CO2 emission-incorporated optimal power flow. Numerical 

examples are presented in chapter 5 using the standard IEEE 24-bus reliability test system 

through several case studies. Chapter 6 provides an optimization methodology to implement the 

proposed approach in order to meet the annual CO2 emission cap. Finally conclusions and future 

work are presented in chapter 7. 
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CHAPTER 2 

2.   LITERATURE REVIEW 

 
This chapter reviews various climate change policies and corresponding research done 

regarding the electric power industry. Section 2.1 reviews several major climate change policies 

including the Kyoto Protocol, European Union Greenhouse Gas Emission Trading Scheme, and 

United States domestic emission mitigation efforts. Section 2.2 discusses methods and 

technologies that could reduce GHG emissions from the electric power industry.  

2.1 Climate Change Policies 

2.1.1 Kyoto 

The Kyoto Protocol, which was adopted on December 11, 1997 by the 3rd Conference of 

the Parties in Kyoto, is an international agreement to reduce CO2 and five other GHG emissions 

in an effort to reduce climate change. The Kyoto Protocol was entered into force on February 16, 

2005, and as of May 2008 182 parties have ratified the protocol [11].  

The Kyoto Protocol has two general categories: Annex I countries or developed countries 

who have accepted GHG emission reduction obligations and must submit an annual GHG 

inventory; Non-Annex I counties or developing countries who have no GHG emission reduction 

obligations but may participate in the Clean Development Mechanism. 

The agreement requires that all industrialized countries reduce the average annual 

emissions at least 5 percent below the 1990 levels during the 2008 to 2012 period [12]. Based on 

the amount of emissions at the year of 1990, the requirement for reductions is different for each 

country. At the same time, those countries are allowed flexibility in achieving and measuring 

their emissions reductions. In order to help committed countries meet the GHG emissions targets, 

the Kyoto Protocol has introduced three market-based mechanisms: Emissions Trading, the 
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Clean Development Mechanism and Joint Implementation [13]. 

As of December 2007, the United States and Kazakhstan are the only two countries that 

have signed the Kyoto Protocol, but not ratified it. According to the Kyoto Protocol, the United 

States is required to reduce GHG emissions by 7 percent based on year 1990 emissions. 

2.1.2 European Union 

European Union (EU) is determined to become a highly energy-efficient, low-carbon 

economy. The EU is committed to cutting its emissions to at least 20% below 1990 levels by 

2020 [14]. In June 2000, the EU’s European Commission launched the European Climate 

Change Programme (ECCP) to identify and develop all the necessary elements of an EU strategy 

to implement the Kyoto Protocol. Among a wide range of new policies and measures, the 

European Union Greenhouse Gas Emission Trading Scheme (EU ETS) is the most significant 

contribution of the ECCP and the largest greenhouse gas emission trading scheme in the world.  

Launched in January 2005, the EU ETS covers 45 percent of overall EU CO2 emissions 

and is being reviewed to extend to cover a greater proportion of emissions after 2013. The ETS 

offers the most cost-effective way for EU Member States to meet their Kyoto obligations and 

move towards a low-carbon economy. According to the European Commission’s reports, the 

ETS would allow the EU to achieve its Kyoto target at a cost of between EUR 2.9 billion and 

EUR 3.7 billion a year. Otherwise, it would cost EU EUR 6.8 billion a year to achieve the Kyoto 

target without ETS [15]. 

Allowing companies to use credits from Kyoto’s market-based mechanisms, Clean 

Development Mechanism and Joint Implementation for example, to comply with the obligations 

under the scheme, EU ETS not only provides a cost-effective method to reduce CO2 emission, 

but also creates investment certainty that will drive the development of technologies and 
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solutions for emission-reduction.  

2.1.3 United States 

In the United States, state and local governments are leading efforts to develop policy 

approaches to GHG emission management. The United States has proposed several initiatives to 

deal with the important issue of climate change and GHG emissions. In 2002, President Bush 

committed the country to the Global Climate Change Initiative to reduce GHG intensity, which is 

the ratio of GHG emissions to economic output, by 18 percent from 2002 to 2012. In order to 

meet this goal, United States rate of emissions must decrease from an estimated 183 metric tons 

per million dollars of GDP in 2002, to 151 metric tons per million dollars of GDP in 2012 [16].  

The Regional Greenhouse Gas Initiative (RGGI), specially targeting CO2 emissions from 

the electric power industry, is a regional initiative by 10 Northeast and Mid-Atlantic States to 

reduce GHG emissions through a regional cap-and-trade program [17]. Electric power plants 

with 25 MW or more will be affected by RGGI. The first date to auction the emission permits 

will be September 25, 2008. 

Governors from the Western Governors’ Association are working together to move the 

region toward a clean and more diverse energy future by encouraging the region to utilize its 

diverse resources to produce affordable, sustainable, and environmentally responsible energy. 

Three major goals have been adopted by western Governors in June 2004 [18]: by 2015, develop 

an additional 30,000 megawatts (MW) of clean energy from both traditional and renewable 

sources; by 2020, achieve a 20% increase in energy efficiency; and for the next 25 years, ensure 

a reliable and secure transmission grid. 

At the local level, as of September 2007, more than 600 mayors from all 50 States, the 

District of Columbia, and Puerto Rico had signed the Climate Protection Agreement (CPA), 
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which is designed to reduce GHG emissions to 7 percent below 1990 level by 2012 [19]. As of 

October 2007, 210 U.S. cities had joined more than 800 local governments across the world in 

the Cities for Climate Protection (CCP) initiative run by the International Council for Local 

Environmental Initiatives (ICLEI) [19].  

California has to be mentioned for its aggressive regulation of GHG emissions, including 

emissions from electricity power industry. In late September 2006, Gov. Arnold Schwarzenegger 

signed Assembly Bill 32 (AB32), the California Global Warming Solutions Act of 2006, to 

aggressively reduce California’s GHG emissions. AB32 requires that California reduce its GHG 

emissions to 1990 levels by 2020. To achieve this, at least a 29 percent reduction of projected 

GHG emissions in 2020 is required. GHG emissions are expected to grow in the future as 

California continues its population and economic expansion. AB32 does not specify which 

sectors are to be regulated to reach the required reductions. Given that the electric power industry 

contributes about 20% of the GHG emissions in California, it should be considered a target of 

AB32. In order to effectively implement the regulation, AB32 directs the California Air 

Resources Board (CARB) to develop appropriate regulations and establish a mandatory reporting 

system to track and monitor global warming emissions levels. The timeline to implement AB32 

is shown in Table 2.1. 
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TABLE 2.1 

2.1 TIMELINE TO IMPLEMENT AB32 [20] 

 

Time Objectives 

January, 2008 
Establish a statewide greenhouse gas emissions limit for 
2020, based on 1990 emissions level 

January, 2009 
Prepare a scope plan for achieving the maximum 
technologically feasible and cost-effective GHG reductions 

January, 2011 Adopt the actual regulations to achieve the 2020 goals 

January, 2012 Enforce the actual regulations to achieve the 2020 goals 

2020 Reach the 1990 emissions limit 

 

2.2 Methods and Technologies to Reduce GHG Emissions 

There are a number of methods and technical options that could help in reducing or at 

least slowing the increase of GHG emissions from the electric power industry. The three most 

promising methods and technical options are carbon capture and storage, non-CO2 emission 

power sources, and emission constrained generation dispatch. 

2.2.1 Carbon Capture and Storage 

Carbon capture and storage (CCS) is an approach to mitigate climate change by 

capturing CO2 emissions from large power plants and other sources and storing it instead of 

releasing it into the atmosphere. Basically there are three technology-based methods to capture 

CO2 emissions: post-combustion [21, 22], pre-combustion [22, 23] and oxygen combustion [23, 

24]. These three methods are expected to be able to capture more than 90 percent of CO2 

emissions. However, right now the capturing process is costly and energy intensive, which 

accounts for majority of the costs. After the CO2 is captured, the next step is to transport the 

captured CO2 to a suitable storage place. Various methods such as geological storage, ocean 
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storage and mineral storage have been conceived for permanent storage of CO2. The 

technologies for carbon capture and storage are discussed in detail in [21, 22, 23, 24, 25, 26]. 

Different from SO2 and NOX emission control, in which technologies are available to 

significantly reduce SO2 and NOx emissions from fossil fuel-fired generation units, the carbon 

capture and storage technologies are not economically feasible at the present time. 

2.2.2 Non-CO2 or Low CO2 Emission Power Source 

Shifting from high CO2 emission power sources to non-CO2 or low CO2 emission power 

sources is an effective method to reduce CO2 emissions. These non-CO2 and low CO2 emission 

power sources could be hydroelectric, nuclear, wind, solar, photovoltaic, geothermal, ocean, etc. 

The problem with hydroelectric is that most of available U.S. hydro resources that could 

be economically developed have already been developed. New hydro sites are normally far from 

load areas, so extensive transmission lines are needed. Nuclear power could play a role in 

alleviating the risk of climate change and its contribution in reducing GHG emissions could be 

significant. A comprehensive study [27] analyzing emissions from different electric power source 

shows that nuclear power is among the least carbon intensive generation technologies, emitting 

only about 25g of CO2 equivalent per kWh (gCO2-equiv./kWh) as compared with some 450 to 

1,250 gCO2-equiv./kWh for fossil fuel. However, nuclear power is a long-term solution; it 

normally takes 10 to 20 years to license and construct a nuclear power plant, too long to meet the 

short-term CO2 emission requirements. 

Among other non-CO2 and low CO2 emission renewable energies, wind energy gets lots 

of attention and is fast growing. According to the American Wind Energy Association (AWEA), 

the U.S. installed 5,244 MW wind energy in 2007, which makes the total wind power generation 

capacity 16,818 MW across 34 states [28]. The 5,244 MW of wind energy installed in 2007 
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reduced over 28 million tons of CO2, assuming the same amount of electricity were generated by 

the average United State’s power plant fuel mix. 

The states with the most installed wind power capacity are Texas, with 4,356 MW, 

followed by California with 2,439 MW, Minnesota with 1,299 MW, Iowa with 1,273 MW and 

Washington with 1,163 MW [28]. Figure 2.1 presents a summary of wind-energy capacity 

installed in the U.S. at the end of 2007. Wind farms in the U.S. are forecast to generate 48 

million MWh of wind energy in 2008, just over 1 percent of the nation’s energy supply. Although 

wind energy is promising, several issues such as its intermittent nature, and wind site locations 

need to be considered [29, 30, 31]. 

 

 
 

Figure 2.1 Installed wind capacities as of December 31. 2007 [28] 

 

Other renewable energy such as solar, geothermal and ocean have significant potential, 

but the wide applications are limited currently due to either being economically infeasible or 
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technically immature. 

2.2.3 Emission Constrained Generation Dispatch 

The effects of environmental concerns or emission constraints on the electric power 

system are presented in previous research [32, 33, 34, 35, 36, 37, 38]. M. R. Gent, et al, [32] 

proposed a method of minimum emissions dispatch (MED) by using an emission function to 

replace the fuel function to minimize NOX emissions. A. A. El-keib, et al, [33] presents a method 

of environmentally constrained economic dispatch (ECED) to meet the requirements of NOX and 

SO2 constraints. R. Ramanathan [34] uses a weights estimation technique to minimize the 

operating costs and also satisfy emission constraints by incorporating the constraints into 

classical Economic Dispatch (ED). In [35], J. W. Lamont, et al, presented a set of dispatching 

algorithms along with a solution algorithm to minimize SO2 and NOX emissions. T. Gjengedal, et 

al, [36] proposed a method to determine the optimal generation dispatch subject to different 

assigned weights by solving a multi-objective optimization problem. In [37], a short-term unit 

commitment approach using a Lagrangian relaxation-based algorithm is presented to achieving 

daily or weekly emission targets. J. H. Talag, et al, [38] minimized NOX emissions by 

formulating an OPF including the minimum emission objective.  

Most of this research is focused on pollutant emissions such as sulfur dioxide (SO2) and 

nitrous oxides (NOX), which are the main components of 1990 U.S. Clear Air Act Amendments. 

Generation units could reduce SO2 emission greatly by either switching to low sulfur coal or 

retrofitting an SO2 scrubber at a low cost, and reduce NOX emission by low-NOX burner retrofits. 

Unfortunately, no similar viable technologies are economically available right now for utilities to 

meet current GHG regulations. Furthermore, GHG regulations have the potential to significantly 

affect both dispatch and transmission power flow over a relatively short period, so the 
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implications are significant enough to warrant in-depth system study. Although there is some 

software, GE MAPS and ABB GridView for example, available to investigate the impacts of 

GHG regulations on the electric power system, most of them use dc power flow and ignore ac 

aspects of the problems. 
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CHAPTER 3 

3.             POWER SYSTEM FEATURES THAT IMPACT CO2 EMISSIONS 

 

CO2 emissions from the electric power industry are impacted by several power system 

features. Primary features include the CO2 emission factors by type of fuel, unit thermal 

efficiency, regional generation mix, electricity demand, and transmission constraints. Section 3.1 

presents a simple two-bus, two-generator power system, as well as the heat rate data of two 400 

MW fossil generation units. This two-bus, two-generator power system is used as a base system 

to illustrate and discuss how these power system features impact CO2 emissions. 

3.1 Two-bus, Two-generator Power System 

Figure 3.1 shows a two-bus, two-generator power system with a load at bus 2. The 

generator at bus 1 is a 400 MW coal-fired generation unit G1 and the generator at bus 2 is a 400 

MW gas-fired generation unit G2. The heat rate data of G1 and G2 came from [39], as shown in 

Table 3.1. This simple power system and its modifications are used throughout this chapter to 

illustrate how power system features impact CO2 emissions. 

 

 

Figure 3.1 Two-bus, two-generator power system 

 

 

G1 (400 MW Coal-
fired Generation 

Unit) 

G2 (400 MW Gas-
fired Generation 
Unit) 

P1 

Load L 

P2 

 

Bus 1 Bus 2 
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TABLE 3.1 

3.1 TYPICAL 400 MW FOSSIL-FIRED GENERATION UNIT HEAT RATE DATA [39] 

 

 Heat Input (Btu/kWh) 

Output (MW) 
400 MW coal-fired 
generation unit  

400 MW gas-fired 
generation unit 

100 MW  10674 11267 

160 MW 9783 10327 

240 MW 9252 9766 

320 MW  9045 9548 

400 MW 9000 9500 

 

3.2 CO2 Emission Factors by Type of Fuel 

According to the IPCC [40], the CO2 emissions of a fossil-fired generation unit originate 

mainly from fossil fuel combustion processes2, during which most carbon content in the fuel is 

emitted as CO2 immediately. Although some carbon is released as carbon monoxide (CO), 

methane (CH4) or non-methane volatile organic compounds (NMVOCs), most of this non-CO2 

carbon oxidizes to CO2 in the atmosphere eventually. Therefore, CO2 emissions from fossil-fired 

generation unit can be estimated fairly accurately based on the averaged carbon content of the 

fuel and the amount of fuel combusted. 

The average carbon content of the fuels can be expressed as CO2 emission factors, which 

is the energy content of fuel in pounds of CO2 per million Btu (lb/MBtu). Table 3.2 shows the 

CO2 emission factors by type of fuel used in United States power generation units [8]. Although 

the CO2 emission factors of different types of the same fuel are slightly different, the CO2 

emission factors of different fuels vary widely. For example, coal contains almost twice the 

                                                        
2 Generation unit’s startup-related CO2 emission is ignored. 
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amount of carbon as gas. 

 
TABLE 3.2 

3.2 CO2 EMISSION FACTORS BY TYPE OF FUEL [40] 

 

Fuel type CO2 emission factor (lb CO2/MBtu) 

Coal  

Bituminous 205 

Subbituminous 213 

Lignite 215 

Anthracite 227 

Oil  

Distillate oil 161 

Jet fuel 156 

Kerosene 159 

Petroleum coke 225 

Residual 174 

Gas  

Natural gas 117 

Propane 139 

 

Figure 3.2 shows the same two-bus, two-generator power system with an 800 MW load 

at bus 2. Ignoring the transmission loss and constraints between bus 1 and bus 2, the 400 MW 

coal-fired generation unit G1 and the 400 MW gas-fired generation unit G2 will generate 400 

MW each to meet the 800 MW load. The CO2 emission factor is assumed to 215 lb/MBtu for 

coal and 117 lb/MBtu for gas. The hourly CO2 emissions from G1 and G2 are summarized in 
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Figure 3.3, in which G1 emits 346 tons of CO2 each hour and G2 emits 198 tons of CO2 each 

hour. Although G1 and G2 generate the same amount of electric energy each hour, the hourly 

CO2 emissions are different due to the different CO2 emission factors of coal and gas. 

 

 

Figure 3.2 Two-bus, two-generator power system 

 

 

Figure 3.3 Hourly CO2 emissions from G1 and G2 

 

3.3 Unit Thermal Efficiency 

CO2 emissions from electric power generation are affected by the thermal efficiency with 

which fossil fuels are converted into electricity. Units with high efficiency have lower CO2 

emission rates and units with low efficiency have higher CO2 emission rates. Some of the rise in 
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CO2 emissions recently comes from lower efficiency aging power plants which require more 

heat to generate electricity. One study shows that coal-fired generation increased by about 1.5 

percent between 2006 and 2007, while the amount of heat input used to generate that electricity 

rose about 3.6 percent [41]. 

Table 3.3 and Table 3.4 show the typical heat rate data, original thermal efficiency and 

hourly CO2 emissions of the 400 MW coal-fired generation unit G1 and the 400 MW gas-fired 

generation unit G2 respectively. One kilowatt hour (kWh) has a thermal equivalent of 

approximately 3412 Btu. 

 
TABLE 3.3 

3.3 TYPICAL HEAT RATE DATA, THERMAL EFFICIENCY AND HOURLY CO2 
EMISSIONS OF 400 MW COAL-FIRED GENERATION UNIT G1 

 

Output (MW) Heat Input (Btu/kWh) Efficiency (%) 
CO2 Emissions 

(tons/h)3 

100 MW 10674 32.0 102.4 

160 MW 9783 34.9 150.2 

240 MW 9252 36.9 213.1 

320 MW 9045 37.7 277.8 

400 MW 9000 37.9 345.5 

 

 

 

 

 

 

                                                        
3 The weight unit “ton” in this dissertation represents long ton, which is equal to 2,240 pounds. 
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TABLE 3.4 

3.4 TYPICAL HEAT RATE DATA, THERMAL EFFICIENCY AND HOURLY CO2 
EMISSIONS OF 400 MW GAS-FIRED GENERATION UNIT G2 

 

Output (MW) Heat Input (Btu/kWh) Efficiency (%) CO2 Emissions (tons/h) 

100 MW 11267 30.3 58.8 

160 MW 10327 33.0 86.3 

240 MW 9766 34.9 122.4 

320 MW 9548 35.7 159.6 

400 MW 9500 35.9 198.5 

 

CO2 emissions could be reduced by improving the thermal efficiency of fossil-fired 

generation units. Table 3.5 and Table 3.6 summarize the varying thermal efficiencies and the 

resulting CO2 emissions of the 400 MW coal-fired generation unit G1 and the 400 MW gas-fired 

generation unit G2, respectively. For both units, the amount of CO2 emissions could be reduced 

by around 3 percent if the thermal efficiency is improved by 1 percent. The amount of CO2 

emissions could be further reduced by around 8 percent if the thermal efficiency is improved by 

3 percent. At the same time, both tables show that the higher the output power, the lower the CO2 

emission reduction. 
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TABLE 3.5 

3.5 THERMAL EFFICIENCIES AND CO2 EMISSIONS OF 400 MW COAL-FIRED 
GENERATION UNIT G1 

 

Output (MW) 100 160 240 320 400 

Efficiency (%) 32.0% 34.9% 36.9% 37.7% 37.9% 

CO2 emissions (tons/h) 102.4 150.2 213.1 277.8 345.5 

Efficiency improved by 1% (%) 33.0% 35.9% 37.9% 38.7% 38.9% 

CO2 emissions (tons/h) 99.3 146.1 207.5 270.6 336.7 

CO2 emission reduction (%) -3.03% -2.79% -2.64% -2.58% -2.57% 

Efficiency improved by 3% (%) 35.0% 37.9% 39.9% 40.7% 40.9% 

CO2 emissions (tons/h) 93.7 138.3 197.1 257.3 320.2 

CO2 emission reduction (%) -8.58% -7.92% -7.52% -7.37% -7.33% 

 

TABLE 3.6  

3.6 THERMAL EFFICIENCIES AND CO2 EMISSIONS OF 400 MW GAS-FIRED 
GENERATION UNIT G2 

 

Output (MW) 100 160 240 320 400 

Efficiency (%) 30.3% 33.0% 34.9% 35.7% 35.9 

CO2 emissions (tons/h) 58.8 86.3 122.4 159.6 198.5 

Efficiency improved by 1% (%) 31.3% 34.0% 35.9% 36.7% 36.9% 

CO2 emissions (tons/h) 57.0 83.8 119.0 155.2 193.1 

CO2 emission reduction (%) -3.20% -2.94% -2.78% -2.72% -2.71% 

Efficiency improved by 3% (%) 33.3% 36.0% 37.9% 38.7% 38.9% 

CO2 emissions (tons/h) 53.5 79.1 112.7 147.2 183.2 

CO2 emission reduction (%) -9.01% -8.32% -7.91% -7.74% -7.71% 
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3.4 Regional Generation Mix 

CO2 emission factors from different fossil fuels vary widely and non-fossil power 

generation such as nuclear, hydroelectric and other renewable sources do not emit CO2. 

Therefore, from the system perspective, CO2 emissions are sensitive to the regional generation 

mix. Regions with significant amounts of non-CO2 or low CO2 emission power generation, such 

as nuclear, hydroelectricity, and other renewable energies, differ from regions predominantly 

supplied by high CO2 emission power generations such as coal. 

Figure 3.4 shows the same two-bus, two-generator power system with a 600 MW load at 

bus 2. The generator at bus 1 is the 400 MW coal-fired generator unit G1 and the generator at 

bus 2 is the 400 MW gas-fired generator unit G2. The two-bus, three-generator power system in 

Figure 3.5 is similar to the system in Figure 3.4, except one 400 MW coal-fired generation unit 

G3 was added at bus 1. Therefore, the two-bus, two-generator power system has equal coal and 

gas generation capacity (50 percent coal and 50 percent gas), while the two-bus, three-generator 

power system has coal intensive generation capacity (67 percent coal and 33 percent gas). 

 

 

Figure 3.4 Two-bus, two-generator power system 
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Figure 3.5 Two-bus, three-generator power system 

 

Ignoring the transmission loss and constraints between bus 1 and bus 2 in both systems, 

economical coal-fired generation units will be dispatched first to supply the load. In Figure 3.4, 

400 MW coal-fired power from G1 and 200 MW gas-fired power from G2 are dispatched to 

supply the 600 MW load. But in Figure 3.5, 400 MW coal-fired power from G1 and an extra 200 

MW coal-fired power from G3 are dispatched to supply the 600 MW load, and no gas-fired 

power from G2 is dispatched. The hourly CO2 emissions for both systems are summarized in 

Figure 3.6. The two-bus, two-generator power system emits 450 tons of CO2 each hour, with 346 

tons from G1 and 104 tons from G2. The two-bus, three-generator power system emits 527 tons 

of CO2 each hour, with 346 tons from G1 and 181 tons from G3. The CO2 emission rates are 

0.75 tons per MWh for the two-bus, two-generator power system and 0.88 tons per MWh for the 

two-bus, three-generator power system. 
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Figure 3.6 CO2 emissions of two-bus, two-generator power system 

and two-bus, three-generator power system 

 

3.5 Electricity Demand 

Variations in electricity demand also affect the system CO2 emissions. Any power market 

will have a large number of generation units with different fuel types. Those generation units 

have to be dispatched economically to meet the varying electricity demand. For each specific 

electricity demand, the operating order of those generation units is determined by the short-run 

marginal cost (operating and maintenance costs, fuel costs, etc.). In normal system operations, 

the generation units with the lowest short-run marginal costs are dispatched first, while more 

expensive units are dispatched as needed.  

Figure 3.7 shows the same two-bus, two-generator power system discussed before, with a 

varying load demand at bus 2. The transmission loss and constraints between bus 1 and bus 2 has 

again been ignored. When the electricity demand at bus 2 is 400 MW, the demand can be 

supplied by G1 only. When the electricity demand at bus 2 is increased to 600 MW, in addition 
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to the 400 MW from G1, the system has to dispatch an additional 200 MW from G2 in order to 

meet the increased electricity demand. Furthermore, if the electricity demand at bus 2 is 

increased to 800 MW, both G1 and G2 have to fully dispatched in order to supply the load.  

Figure 3.8 shows the system CO2 emissions in tons per hour (tons/h) in terms of different 

system electricity demand. The system CO2 emissions are 346 tons/h for 400 MW demand, 450 

tons/h for 600 MW demand, and 544 tons/h for 800 MW demand. Figure 3.9 shows the system 

CO2 emission rates in tons/MWh in terms of different system electricity demand. The system 

CO2 emission rate is 0.87 tons/MWh for 400 MW demand, 0.75 tons/MWh for 600 MW demand, 

and 0.68 tons/MWh for 800 MW demand. So for this two-bus, two-generator power system, the 

higher the system electricity demand, the lower the system CO2 emission rate. 

 

 

Figure 3.7 Two-bus, two-generator power system with different electricity demand 
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Figure 3.8 CO2 emissions in terms of different system electricity demand 

 

 

 

Figure 3.9 CO2 emission rates in terms of different system electricity demand 
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3.6 Transmission Constraints 

In normal electric power system operations, the least expensive energy will be purchased 

first to serve a load area through the transmission line. When actual or scheduled electricity flow 

across a transmission line or equipment is restricted below desired levels, transmission 

congestion occurs. At this moment, the grid operators have to find alternative (normally more 

expensive) energy to serve the load area. Transmission constraints can therefore change the 

dispatch pattern of generation units.  

Figure 3.10 shows the same two-bus, two-generator power system. However, the 

transmission capability between bus 1 and bus 2 is limited to 300 MW. In this situation, the 400 

MW coal-fired generation unit G1 can only generate 300 MW because of the transmission 

constraints and the 400 MW gas-fired generation unit G2 has to dispatch 300 MW in order to 

meet the 600 MW electricity demand. Figure 3.11 shows the hourly CO2 emissions for both 

systems. The system without transmission constraints emits 450 tons of CO2 each hour, with 

which 346 tons from G1 and 104 tons from G2, and the CO2 emission rate is 0.75 tons/MWh. 

The system with transmission constraints emits 412 tons of CO2 each hour, with which 262 tons 

from G1 and 150 tons from G2, and the CO2 emission rate is 0.69 tons/MWh. 

Interestingly, for this two-bus, two-generator power system, the amount of hourly CO2 

emissions are reduced because of transmission congestion. Transmission congestion shifts 100 

MW power from high CO2 emission coal-fired generation unit to low CO2 emission gas-fired 

generation unit. 
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Figure 3.10 Two-bus, two-generator power system with transmission constraint 

 

 

Figure 3.11 System CO2 emissions with and without transmission constraints 

 

3.7 Discussion 

As discussed in this chapter, CO2 emissions in power system is a complicated problem, 

impacted by several power system features. Estimating and controlling CO2 emissions from the 

electric power industry requires consideration of all the features; ignoring any of them will incur 

errors in analysis.  
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CHAPTER 4 

4.            MODELING AND METHODOLOGY 

 

This chapter first develops the CO2 emission-incorporated cost model, which includes the 

fuel cost function, CO2 emission cost function, and fuel-emission cost function. Then, the 

implications of CO2 emission cost on generation dispatch are studied using two 400 MW fossil-

fired generation units, which includes generation units’ cost variation and the breakeven price of 

CO2. Finally, this chapter presents the formulation of the CO2 emission-incorporated ac optimal 

power flow (OPF). 

4.1 CO2 Emission-incorporated Cost Model 

4.1.1 Input-output Characteristic 

For a fossil-fired generation unit, the hourly fuel combusted is generally proportional to 

its real power output. The expression is referred to as the input-output characteristic and is 

conventionally modeled as a quadratic function, as shown in (4.1) 

2

_ 0 1 2( ) (4.1)fuel ij i i i i i iH P k k P k P= + +  

where Hfuel_ij(Pi) is the fuel input of generator i using fuel j in MBtu/h, Pi is the real power output 

of generator i, and ki0, ki1 and ki2 are polynomial heat rate coefficients generally obtained from 

curve-fitting.  

Figure 4.1 shows the input-output characteristics of a typical 400 MW coal-fired 

generation unit and a typical 400 MW gas-fired generation unit. The vertical axis is heat energy 

requirements in MBtu/h and the horizontal axis is real power output of the unit in MW. 
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Figure 4.1 Input-output curves of the 400 MW fossil-fired generation units 

 

4.1.2 Fuel Cost Function 

The fuel cost function of fossil-fired generation units can be expressed as the product of a 

given price of fuel j and the total amount of fuel combusted in each hour, as shown in (4.2). 

2

_ 0 1 2( ) ( ) (4.2)fuel ij i j i i i i iF P C k k P k P= + +  

where Ffuel_ij(Pi) is the fuel cost of generator i using fuel j in dollar per hour ($/h), and Cj is the 

given price of fuel j in dollar per MBtu ($/MBtu). 

Figure 4.2 shows the hourly fuel cost of the 400 MW coal-fired generation unit and the 

400 MW gas-fired generation unit. The vertical axis is hourly fuel costs in $/h and the horizontal 

axis is electrical output of the unit in MW. The fuel price is assumed to be 1.90 $/MBtu for coal 

and 10.35 $/MBtu for gas, which is the average May 2008 United States’ power generation fuel 

price. 
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Figure 4.2 Fuel costs of the 400 MW fossil-fired generation units 

 

4.1.3 CO2 Emission Cost Function 

As discussed in chapter 3, CO2 emissions from a fossil-fired generation unit can be 

estimated fairly accurately based on the averaged carbon content of the fuel and the amount of 

fuel combusted. The amount of CO2 emissions from a fossil-fired generation unit can be 

expressed as (4.3). 

2

0 1 2( ) ( ) (4.3)ij i j i i i i iE P ef k k P k P= + +  

where Eij(Pi) is the amount of CO2 emissions of generator i using fuel j in tons per hour (tons/h), 

and efj is the CO2 emission factor of fuel j.  

Figure 4.3 shows the CO2 emissions of the 400 MW coal-fired generation unit and the 

400 MW gas-fired generation unit whose input-output curves are given in Figure 4.1. The 

vertical axis is the amount of CO2 emission in tons/h and the horizontal axis is the unit’s power 

output in MW. The CO2 emission factors are normally assumed zero for nuclear, hydroelectricity 
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Figure 4.3 CO2 emissions of the 400 MW fossil-fired generation units 

 

The CO2 emission cost function of a fossil-fired generation unit can be expressed as the 

product of a given CO2 price and the total amount of CO2 emitted, as shown in (4.4) and (4.5). 

2 2_ ( ) ( ) (4.4)CO ij i CO ij iF P C E P= ×  

2 2

2

_ 0 1 2( ) ( ) (4.5)CO ij i CO j i i i i iF P C ef k k P k P= × + +  

where FCO2_ij(Pi) is CO2 emission cost of generator i using fuel j in $/h, and CCO2 is the given 

CO2 price in $/ton determined by regulations and markets. 

Figure 4.4 shows the CO2 emission costs of the example 400 MW coal-fired generation 

unit and 400 MW gas-fired generation unit. The vertical axis is CO2 emission costs in $/h and the 

horizontal axis is the unit’s power output in MW. The CO2 price assumed is 30 $/ton. 
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Figure 4.4 CO2 emission costs of the 400 MW fossil-fired generation units 

 

4.1.4 Fuel-emission Cost Function 

The fuel-emission cost function of a fossil-fired generation unit is the sum of fuel cost 

function and CO2 emission cost function, as shown in (4.6) and (4.7): 

2_ _ _( ) ( ) ( ) (4.6)total ij i fuel ij i CO ij iF P F P F P= +  

2

2

0 1 2( )( ) (4.7)j CO j i i i i iC C ef k k P k P= + × + +  

where Ftotal_ij(Pi) is the fuel-emission cost function of generator i using fuel j in $/h. 

Figure 4.5 shows the fuel-emission costs of the 400 MW coal-fired generation unit and 

400 MW gas-fired generation unit. The vertical axis is fuel-emission costs in $/h and the 

horizontal axis is the unit’s power output in MW. The CO2 price assumed is 30 $/ton and the fuel 

price assumed is 1.90 $/MBtu for coal and 10.35 $/MBtu for gas. 
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Figure 4.5 Fuel-emission costs of the 400 MW fossil-fired generation units 

 

4.2 Implication of CO2 Emission Costs on Generation Dispatch 

4.2.1 Generation Units’ Cost Variations Due to CO2 Emissions 

In current power market modes such as central day-ahead energy markets or real time 

energy markets, the introduction of CO2 emission costs, as shown in (4.6) and (4.7), could 

change the fossil-fired generation costs and therefore possible generation dispatch order 

(competitive price of the market). Figure 4.6 summarizes the cost curves (fuel cost curves, CO2 

emission cost curves and fuel-emission cost curves) of the example 400 MW coal-fired (left plot) 

and the gas-fired (right plot) generation units respectively, in relation to output power (MW).  

It is evident from Figure 4.6 that, with a CO2 price of 30 $/ton, the 400 MW coal-fired 

generation unit has a higher CO2 emission cost than that of the 400 MW gas-fired generation unit 

because coal has a higher CO2 emission factor (215 lb/MBtu for coal and 118 lb/MBtu for gas). 

However, the 400 MW gas-fired generation unit has much higher fuel costs than that of the 400 

MW coal-fired generation unit because of the higher gas price (1.90 $/MBtu for coal and 10.35 



 

$/MBtu for gas). Finally the 400 MW gas

costs than that of the 400 MW coal

Figure 4.6 Cost curves of 

 

Meanwhile, if the given CO

might have higher fuel-and-emission costs

unit cost just exceed the gas-fired unit 

4.2.2 Sensitivity Analysis on Breakeven Price of CO

As shown in (4.7), for a given fossil

sensitive to fuel price and CO2 price. 

years, compared with relative stable

monthly power generation fuel price

[42]. 

                                                        
4 Fuel prices from Jun. 2008 to Dec. 2009 are projected.
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400 MW gas-fired generation unit has higher fuel
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CO2 price is high enough, the 400 MW coal-fired

emission costs. The CO2 price that makes the coal
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price. Gas prices have been extremely volatile over the past few 
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Figure 4.7 United States power generation fuel prices 

 

A sensitivity analysis of different natural gas prices on the breakeven price of CO2 using 

the maximum (12.74 $/MBtu), minimum (5.51 $/MBtu), and medium (9.11 $/MBtu) gas prices 

over the period of January 2005 to December 2009 is performed. The coal price of 1.90 $/MBtu 

is assumed constant in this sensitivity analysis. The 400 MW coal-fired and 400 MW gas-fired 

generation units discussed in previous sections are used. Figure 4.8, Figure 4.9 and Figure 4.10 

show the results of this sensitivity analysis. In each figure, the x-axis is the power output of these 

two units from 100 MW (minimum) to 400 MW (maximum), the y-axis is the CO2 price from 0 

$/ton (minimum) to 350 $/ton (maximum), and the z-axis is the units’ fuel-and-emission costs in 

$/h. 
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Figure 4.8 Sensitivity analysis of gas prices at 5.51 $/MBtu on breakeven price of CO2 

 

 

Figure 4.9 Sensitivity analysis of gas prices at 9.11 $/MBtu on breakeven price of CO2 
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Figure 4.10 Sensitivity analysis of gas prices at 12.94 $/MBtu on breakeven price of CO2 

 

Figure 4.8, Figure 4.9 and Figure 4.10 clearly show that a variation in gas prices will 

alter the breakeven price of CO2 and therefore affect the dispatch order between coal-fired and 

gas-fired generation units (variable operating and maintenance costs are ignored). 

� As shown in Figure 4.8, when gas price is 5.51 $/MBtu and coal price is 1.9 $/MBtu, the 

breakeven price of CO2 is 98 $/ton. At CO2 price lower than this, the coal-fired 

generation unit is more competitive. At CO2 price higher than this, the gas-fired 

generation unit is more competitive. 

� As shown in Figure 4.9, when gas price is 9.11 $/MBtu and coal price is 1.9 $/MBtu, the 

breakeven price of CO2 is 190 $/ton. At CO2 price lower than this, coal generation is 

more competitive. At CO2 price higher than this, gas generation is more competitive. 
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� As shown in Figure 4.10, when gas price is 12.94 $/MBtu and coal price is 1.9 $/MBtu, 

the breakeven price of CO2 is 285 $/ton. At CO2 price lower than this, coal generation is 

more competitive. At CO2 price higher than this, gas generation is more competitive. 

4.3 CO2 Emission-incorporated AC Optimal Power Flow 

The CO2 emission-incorporated cost model developed in section 4.1 can be incorporated 

into ac OPF methodology, which is named CO2 emission-incorporated ac OPF in this dissertation. 

The purpose of CO2 emission-incorporated ac OPF is to minimize a combined objective function 

of fuel costs and CO2 emission costs by changing various system control variables subject to 

both equality and inequality constraints. 

4.3.1 Objective Function 

The objective function of traditional OPF can take different forms such as minimizing 

the generation costs, minimizing the power losses, and minimizing control changes. The 

objective function of CO2 emission-incorporated ac OPF is to minimize both fuel costs and CO2 

emission costs, as shown in (4.8) and (4.9). 

2_ _ _

1 1

min ( ) min ( ) ( ) (4.8)
g gN N

total ij i fuel ij i CO ij i

i i

F P F P F P
= =

      
 = +    

      
∑ ∑  

2

2

0 1 2

1

min ( )( ) (4.9)
gN

j CO j i i i i i

i

C C ef k k P k P
=

  
 = + × + +  

  
∑  

where the Ftotal_ij(Pi) is the fuel-emission cost function and Ng is the number of generators in the 

system. 

4.3.2 Equality and Inequality Constraints 

The equality and inequality constraints represent the power balance constraints and 

various operating limits within a system. The equality constraints are the system real and reactive 

power balance, as shown in (4.10), (4.11). 
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1

(4.10)
gN

i Load Loss

i

P P P
=

= +∑  

1

(4.11)
gN

i Load Loss

i

Q Q Q
=

= +∑  

where Pi is the real power output from generator i, PLoad is system total real power load, PLoss is 

system total real power loss, Qi is the reactive power output from generator i, QLoad is system 

total reactive power load, and QLoss is system total reactive power loss. 

The inequality constraints are generator real and reactive power limits, bus voltage limits, 

bus voltage phase angle limits, and transmission branch loading limits, as shown in (4.12), (4.13), 

(4.14), (4.15) and (4.16) respectively.  

(4.12)i i iP P P− +< <  

(4.13)i i iQ Q Q− +< <  

(4.14)k k kE E E− +< <  

(4.15)k k kδ δ δ− +< <  

(4.16)mn mn mnMVA MVA MVA− +< <  

where Ek is the magnitude of voltage at bus k, δk is the voltage phase angle at bus k, and MVAmn 

is the power flow of transmission branch between bus m and n. These operating constraints 

guarantee that the dispatch of power generation does not trigger any system violation. 

4.3.3 Linear Programming 

There are several mathematical programming approaches available to solve the OPF 

problem. Linear programming is one of the fully developed methods that are in common use. 

Compared with other methods, linear programming is very adept at handling inequality 

constraints. Using the linear programming method, CO2 emission-incorporated ac OPF could be 
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solved by iterating between solving a power flow equation and then solving a linear program to 

change the system control variables to remove any constraint violations. Figure 4.11 shows the 

process to solve a CO2 emission-incorporated ac OPF using the linear programming method [39]. 

Similar to traditional OPF, there could be many control variables in the CO2 emission- 

incorporated ac OPF, such as [39]: 

• Generator Voltage 

• Transformer tap position 

• Switched capacitor settings 

• Reactive injection for a static VAR compensator 

• Load shedding 

• DC line flow 

4.3.4 Software to Realize the CO2 Emission-incorporated AC OPF 

The proposed CO2 emission-incorporated ac OPF can be realized by several software 

packages, including commercial power system software like PSS/E [43] or PowerWorld 

Simulator [44], or academic power system software like MATPOWER [45] and Power System 

Toolbox (PST) [46]. This work uses PowerWorld Simulator software to realize the CO2 

emission-incorporated ac OPF. 
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Figure 4.11 Process to solve a CO2 emission-incorporated ac OPF using LP method 
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CHAPTER 5 

5.    NUMERICAL STUDIES 

 

This chapter applies the CO2 emission-incorporated ac OPF to investigate the effects of 

CO2 emission constraints on electric power system dispatch and operations using the standard 

IEEE 24-bus Reliability Test System (RTS) through several cases studies. Section 5.1 introduces 

the IEEE 24-bus RTS. Section 5.2 describes several simulation cases composed of different fuel 

prices and system load levels. For each case study, a wide range of CO2 prices are modeled and 

the simulation results are presented in section 5.3. Section 5.4 discusses the results. 

5.1 IEEE 24-bus Reliability Test System 

The well-known IEEE 24-bus Reliability Test System (RTS) [47] has been modeled in 

the proposed CO2 emission-incorporated ac OPF. The IEEE RTS was developed by IEEE Power 

Engineering Society to provide a common test system and has widely been accepted to represent 

the characteristics of a large power system.  

The system topology for IEEE RTS is shown in Figure 5.1. The IEEE RTS has 24 buses, 

38 transmission lines and transformers, and a total load of 2850 MW. The transmission lines are 

at two high voltage levels: 138 kV and 230 kV. The 230 kV system is on the top part of Figure 

5.1 and the 138 kV system is on the bottom part of Figure 5.1. The IEEE RTS generation 

capacity consists of 300 MW of hydro, 800 MW of nuclear, 1274 MW of steam fossil coal, 951 

MW of steam fossil oil, and 80 MW of combustion turbines with total generating system 

capacity equal to 3405 MW. In order to include steam fossil gas generation, this paper replaced 

the 951 MW of steam fossil oil with 951 MW of steam fossil gas. The generation mix of the 

modified IEEE RTS is shown in Figure 5.2.  
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Figure 5.1 IEEE reliability test system [48] 
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Figure 5.2 Generation mix in modified IEEE RTS 

 

5.2 Simulation Cases 

Using the modified IEEE RTS as the test system, the proposed CO2 emission- 

incorporated ac OPF has been implemented in six cases representing situations of different fuel 

prices (selected from monthly prices between Jan. 2005 and Dec. 2009) and different system 

load levels. These six cases could be divided into two categories in terms of different load levels: 

normal system load level and peak system load level. For each category, there are three cases 

representing low fuel price (October, 2006), medium fuel price (March, 2007) and high fuel price 

(February, 2008). Therefore, the six cases are low fuel price normal system load, medium fuel 

price normal system load, high fuel price normal system load, low fuel price peak system load, 

medium fuel price peak system load, and high fuel price peak system load. The fuel price and 

system load for each case are detailed in Table 5.1. Because the operating and maintenance 

(O&M) costs vary widely depending on the individual utility, the O&M costs are ignored in 

these numerical studies. However, they could be easily incorporated into the software for future 
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study and research, if necessary. 

TABLE 5.1 

5.1 SIMULATION CASES AND DESCRIPTION 

 

Case # Description 
Fuel Prices ($/MBtu) 

System Load (MW) 
Coal Gas Oil 

1 
Low fuel price and 
normal system load 

1.70 5.51 7.00 1995 

2 
Medium fuel price and 
normal system load 

1.88 9.09 12.00 1995 

3 
High fuel price and 
normal system load 

1.95 12.74 16.37 1995 

4 
Low fuel price and 
peak system load 

1.70 5.51 7.00 2850 

5 
Medium fuel price and  
peak system load 

1.88 9.09 12.00 2850 

6 
High fuel price and  
peak system load 

1.95 12.74 16.37 2850 

 

 

5.3 Simulation Results 

5.3.1 Normal System Load 

Case 1, case 2 and case 3 represent normal system load situations (70% of peak load and 

59% of system generation capacity). While case 1 assumes a low fuel price (1.70 $/MBtu for 

coal, 5.51 $/MBtu for gas and 7.00 $/MBtu for oil), case 2 assumes a medium fuel price (1.88 

$/MBtu for coal, 9.09 $/MBtu for gas and 12.00 $/MBtu for oil) and case 3 assumes a high fuel 

price (1.95 $/MBtu for coal, 12.74 $/MBtu for gas and 16.37 $/MBtu for oil). 

The changes in power output of five generation types in relation to varying CO2 price are 

shown in Figure 5.3, Figure 5.5, and Figure 5.7 for case 1, case 2 and case 3 respectively. The 
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changes in system total CO2 emissions and costs (CO2 emission costs, fuel costs and fuel-

emission costs) in relation to varying CO2 price are shown in Figure 5.4, Figure 5.6, and Figure 

5.8 for case 1, case 2 and case 3 respectively. For each case, a wide range of CO2 prices are 

modeled. In case 1, the CO2 price is increased from 0 $/ton to 230 $/ton in steps of 10 $/ton. In 

case 2 and case 3, the CO2 price is increased from 0 $/ton to 450 $/ton in steps of 10 $/ton. 

The Locational Marginal Pricings (LMPs)5 for each bus are shown in Table 5.2, Table 5.3, 

and Table 5.4 for case 1, case 2 and case 3 respectively. For case 1, the LMPs are calculated at 

CO2 prices of 0 $/ton, 40 $/ton, 100 $/ton, 160 $/ton, and 230 $/ton. For case 2, the LMPs are 

calculated at CO2 prices of 0 $/ton, 70 $/ton, 180 $/ton, 280 $/ton, and 450 $/ton. For case 3, the 

LMPs are calculated at CO2 prices of 0 $/ton, 130 $/ton, 270 $/ton, 410 $/ton, and 450 $/ton. 

 

 

 

 

 

 

 

 

 

 

 

                                                        
5
 Locational Marginal Prices (LMPs) is a market-pricing approach used to maintain the efficient use of the transmission system 

when congestion occurs on the power grid. LMPs may vary at different times and locations in terms of transmission congestion. 
LMPs provide market participants a clear and accurate signal of the electricity price at every location on the grid. In turn, these 
prices reveal the value of locations to build new generation, upgrade transmission line, or reduce electricity demand. 
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Figure 5.3 Changes in power output in case 1 
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Figure 5.4 Changes in CO2 emissions and costs in case 1 
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                                                 CO2 price of 0 $/ton                                          CO2 price of 40 $/ton 
 
 

 
 

                                                    CO2 price of 100 $/ton                                  CO2 price of 160 $/ton 
 

Figure 5.5 Contour of LMPs in Case 1 
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TABLE 5.2 

                                                              5.2 LMPS IN CASE 1 ($/MWH) 

 

 

CO2= 0 

$/ton 

CO2= 40 

$/ton 

CO2= 100 

$/ton 

CO2= 160 

$/ton 

CO2= 230 

$/ton 

Bus 1 21.3 63.8 104.6 131.9 190.0 

Bus 2 21.1 63.4 104.2 131.9 190.0 

Bus 3 26.8 77.0 118.8 131.9 189.9 

Bus 4 20.9 62.6 102.9 131.9 190.0 

Bus 5 20.4 61.4 101.6 131.9 190.0 

Bus 6 20.0 60.1 100.0 131.9 190.0 

Bus 7 21.5 60.9 98.8 131.9 190.0 

Bus 8 21.1 60.9 99.5 131.9 190.1 

Bus 9 20.5 61.5 101.3 131.9 189.9 

Bus 10 19.4 58.7 98.2 131.9 189.9 

Bus 11 17.9 55.4 94.7 131.9 189.8 

Bus 12 18.3 56.3 95.6 131.9 189.8 

Bus 13 17.7 54.7 93.7 131.9 189.8 

Bus 14 16.2 51.1 90.2 131.9 189.8 

Bus 15 12.9 42.8 80.9 131.9 189.8 

Bus 16 14.0 45.5 83.8 131.9 189.8 

Bus 17 13.7 44.8 82.9 131.9 189.8 

Bus 18 13.6 44.4 82.5 131.9 189.8 

Bus 19 14.8 47.7 86.3 131.9 189.8 

Bus 20 15.5 49.5 88.4 131.9 189.8 

Bus 21 13.4 44.1 82.1 131.9 189.8 

Bus 22 13.6 44.5 82.6 131.9 189.8 

Bus 23 15.9 50.5 89.5 131.9 189.8 

Bus 24 33.0 93.4 136.8 131.9 189.8 
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Figure 5.6 Changes in power output in case 2 
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Figure 5.7 Changes in CO2 emissions and costs in case 2 
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                                                    CO2 price of 0 $/ton                                         CO2 price of 70 $/ton 
 
 

 
 

                                                   CO2 price of 180 $/ton                                   CO2 price of 280 $/ton 
 
 

Figure 5.8 Contour of LMPs in Case 2 
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TABLE 5.3 

                                                              5.3 LMPS IN CASE 2 ($/MWH) 

 

 

CO2= 0 

$/ton 

CO2= 70 

$/ton 

CO2= 180 

$/ton 

CO2= 280 

$/ton 

CO2= 450 

$/ton 

Bus 1 23.6 103.2 170.7 225.6 355.5 

Bus 2 23.4 102.6 170.3 225.6 355.5 

Bus 3 29.5 126.8 184.4 225.6 355.1 

Bus 4 23.2 101.9 169.0 225.6 355.4 

Bus 5 22.7 99.7 167.8 225.6 355.4 

Bus 6 22.2 97.9 166.1 225.6 355.5 

Bus 7 24.6 107.5 165.0 225.6 355.4 

Bus 8 23.9 104.4 165.7 225.6 355.6 

Bus 9 22.8 100.1 167.2 225.6 355.2 

Bus 10 21.6 95.2 164.3 225.6 355.3 

Bus 11 20.0 88.7 160.7 225.6 355.0 

Bus 12 20.4 90.3 161.5 225.6 355.1 

Bus 13 19.7 87.5 159.6 225.6 355.0 

Bus 14 18.0 80.8 156.1 225.6 355.0 

Bus 15 14.3 66.2 146.6 225.6 355.0 

Bus 16 15.5 70.9 149.5 225.6 355.0 

Bus 17 15.1 69.4 148.5 225.6 355.0 

Bus 18 15.0 68.7 148.0 225.6 355.0 

Bus 19 16.4 74.6 152.1 225.6 355.0 

Bus 20 17.2 77.6 154.2 225.6 355.0 

Bus 21 14.8 68.1 147.6 225.6 355.0 

Bus 22 14.9 68.6 148.0 225.6 355.0 

Bus 23 17.6 79.3 155.3 225.6 355.0 

Bus 24 36.2 153.4 202.3 225.6 355.0 
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Figure 5.9 Changes in power output in case 3 
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Figure 5.10 Changes in CO2 emissions and costs in case 3 

 

 
 



59 
 

 
 

                                              Figure C.1 CO2 price of 0 $/ton                   Figure C.2 CO2 price of 130 $/ton 
 
 

 
 

                                            Figure C.3 CO2 price of 270 $/ton                  Figure C.4 CO2 price of 410 $/ton 
 
 

Figure 5.11 Contour of LMPs in Case 3 
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TABLE 5.4 

                                                              5.4 LMPS IN CASE 3 ($/MWH) 

 

 

CO2= 0 

$/ton 

CO2= 130 

$/ton 

CO2= 270 

$/ton 

CO2= 410 

$/ton 

CO2= 450 

$/ton 

Bus 1 24.4 160.5 247.6 324.8 344.7 

Bus 2 24.2 159.6 247.0 324.8 344.7 

Bus 3 30.6 189.2 267.0 324.8 344.7 

Bus 4 24.1 158.1 245.2 324.8 344.7 

Bus 5 23.5 155.4 243.4 324.8 344.7 

Bus 6 23.1 152.6 241.1 324.8 344.7 

Bus 7 25.5 154.6 239.5 324.8 344.7 

Bus 8 24.8 154.6 240.5 324.8 344.7 

Bus 9 23.7 155.4 242.6 324.8 344.7 

Bus 10 22.4 149.4 238.5 324.8 344.7 

Bus 11 20.7 142.0 233.3 324.8 344.7 

Bus 12 21.1 143.9 234.6 324.8 344.7 

Bus 13 20.4 140.5 231.9 324.8 344.7 

Bus 14 18.7 132.2 226.8 324.8 344.7 

Bus 15 14.9 113.3 213.5 324.8 344.7 

Bus 16 16.1 119.3 217.6 324.8 344.7 

Bus 17 15.7 117.4 216.1 324.8 344.7 

Bus 18 15.5 116.5 215.4 324.8 344.7 

Bus 19 17.0 124.2 221.2 324.8 344.7 

Bus 20 17.8 128.3 224.2 324.8 344.7 

Bus 21 15.4 115.7 214.9 324.8 344.7 

Bus 22 15.5 116.3 215.3 324.8 344.7 

Bus 23 18.3 130.5 225.8 324.8 344.7 

Bus 24 37.5 225.0 292.3 324.8 344.7 
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5.3.1.1 Changes in Power Output 

As illustrated in Figure 5.3 (case 1), without CO2 emission constraints (CO2 price is 0 

$/ton), the system load can be met by hydro, nuclear, and coal power generation (963 MW from 

coal power generation, 800 MW from nuclear power generation, and 300 MW from hydro power 

generation). The gas and oil power generation are not dispatched first. With increasing CO2 price, 

the generation output starts to shift from coal power generation to gas power generation at a CO2 

price of 40 $/ton. At a CO2 price of 100 $/ton, the gas power generation exceeds the coal power 

generation (400 MW from coal power generation and 540 MW from gas power generation). The 

shifting between coal and gas power generation continues until the CO2 price reaches 160 $/ton 

(67 MW from coal power generation and 874 MW from gas power generation). At this point, 

most of the entire 951 MW gas power generation is operating. Although there is still some gas 

power generation left (77 MW), the power output shifting between coal and gas power 

generation continues at a very small amount due to system congestion, regardless of how high 

the CO2 price rises. Throughout the whole process, the hydro and nuclear power generation are 

fully dispatched due to their competitive fuel prices, while the oil power generation is never 

dispatched due to the uncompetitive high oil price. 

Similar phenomena can be observed in Figure 5.5 (case 2) and Figure 5.7 (case 3). In 

Figure 5.5, when the CO2 price is 0 $/ton, the system load can be met by hydro, nuclear, and coal 

power generation, and the gas and oil power generation are not dispatched. The generation 

output starts to shift from coal power generation to gas power generation at a CO2 price of 70 

$/ton. The gas power generation exceeds the coal power generation when the CO2 price reaches 

180 $/ton (456 MW from coal power generation and 481 MW from gas power generation). The 

shifting between coal and gas power generation continues until the CO2 price reaches 280 $/ton 
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(69 MW from coal power generation and 872 MW from gas power generation). In Figure 5.7, 

when the CO2 price is 0 $/ton, the system load can be met by hydro, nuclear, and coal power 

generation, and the gas and oil power generation are not dispatched. The generation output starts 

to shift from coal power generation to gas power generation at a CO2 price of 130 $/ton. The gas 

power generation exceeds the coal power generation when the CO2 price reaches 270 $/ton (456 

MW from coal power generation and 482 MW from gas power generation). The shifting between 

coal and gas power generation continues until the CO2 price reaches 410 $/ton (108 MW from 

coal power generation and 833 MW from gas power generation). In both cases, the hydro and 

nuclear power generation are fully dispatched throughout the whole process, while the oil power 

generation is never dispatched due to the uncompetitive high oil price. 

5.3.1.2 Changes in CO2 Emissions and Costs 

Meanwhile, the total system CO2 emissions have changed because of the generation 

output shifting between coal and gas power generation, at the expense of increased system costs. 

As shown in Figure 5.4 (case 1), the total system CO2 emissions decrease from 928 tons/h at a 

CO2 price of 0 $/ton to 513 tons/h at a CO2 price of 160 $/ton. The CO2 emissions decrease 

44.7%. Although the system fuel-and-emission costs increase extraordinarily from 16812 $/h at 

CO2 price of 0 $/ton to 130750 $/h at CO2 price of 160 $/ton, the system fuel costs increase from 

16812 $/h to 48547 $/h and stay almost constant afterward, an increase of 189%. 

Similar phenomena can be observed in Figure 5.6 (case 2) and Figure 5.8 (case 3). In 

Figure 5.6, the total system CO2 emissions decrease from 928 tons/h at a CO2 price of 0 $/ton to 

514 tons/h at a CO2 price of 280 $/ton. The CO2 emissions decrease 44.6%. Although the system 

fuel-and-emission costs increase extraordinarily from 18595 $/h at CO2 price of 0 $/ton to 

223159 $/h at a CO2 price of 280 $/ton, the system fuel costs increase from 18595 $/h to 79255 
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$/h and stay almost constant afterward, for an increase of 326%. In Figure 5.8, the total system 

CO2 emissions decrease from 928 tons/h at a CO2 price of 0 $/ton to 540 tons/h at a CO2 price of 

410 $/ton. The CO2 emissions decrease 42.4%. Although the system fuel-and-emission costs 

increase extraordinarily from 19490 $/h at a CO2 price of 0 $/ton to 328320 $/h at a CO2 price of 

410 $/ton, the system fuel costs increase from 19490 $/h to 106740 $/h and stay almost constant 

afterward, an increase of 448%. 

5.3.1.3 Locational Marginal Pricings (LMPs) 

As shown in Table 5.2 (case 1), at CO2 prices of 0 $/ton, 40 $/ton and 100 $/ton, each bus 

has different LMPs. When the CO2 price is 0 $/ton, bus 24 has the highest LMP (33 $/MWh) and 

bus 15 has the lowest LMP (12.9 $/MWh). When the CO2 price is 40 $/ton, bus 24 has the 

highest LMP (93.4 $/MWh) and bus 15 has the lowest LMP (42.8 $/MWh). When the CO2 price 

is 100 $/ton, bus 24 has the highest LMP (136.8 $/MWh) and bus 15 has the lowest LMP (80.9 

$/MWh). At CO2 prices of 160 $/ton and 230 $/ton, each bus has the same LMPs (131.9 $/MWh 

for CO2 price of 160 $/ton and 190 $/MWh for CO2 price of 230 $/ton). 

Similar phenomena can be observed in Table 5.3 (case 2) and Table 5.4 (case 3). In Table 

5.3, at CO2 prices of 0 $/ton, 70 $/ton and 180 $/ton, each bus has different LMPs. When the 

CO2 price is 0 $/ton, bus 24 has the highest LMP (36.2 $/MWh) and bus 15 has the lowest LMP 

(14.3 $/MWh). When the CO2 price is 70 $/ton, bus 24 has the highest LMP (153.4 $/MWh) and 

bus 15 has the lowest LMP (66.2 $/MWh). When the CO2 price is 180 $/ton, bus 24 has the 

highest LMP (202.3 $/MWh) and bus 15 has the lowest LMP (146.6 $/MWh). At CO2 prices of 

280 $/ton and 450 $/ton, each bus has the same LMPs (225.6 $/MWh for CO2 price of 280 $/ton 

and 355 $/MWh for CO2 price of 450 $/ton). In Table 5.4, at CO2 prices of 0 $/ton, 130 $/ton and 

270 $/ton, each bus has different LMPs. When the CO2 price is 0 $/ton, bus 24 has the highest 
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LMP (37.5 $/MWh) and bus 15 has the lowest LMP (14.9 $/MWh). When the CO2 price is 130 

$/ton, bus 24 has the highest LMP (225 $/MWh) and bus 15 has the lowest LMP (113.3 $/MWh). 

When the CO2 price is 270 $/ton, bus 24 has the highest LMP (292.3 $/MWh) and bus 15 has the 

lowest LMP (213.5 $/MWh). At CO2 prices of 410 $/ton and 450 $/ton, each bus has the same 

LMPs (324.8 $/MWh for CO2 price of 280 $/ton and 344.7 $/MWh for CO2 price of 450 $/ton). 

5.3.2 Peak System Load 

Case 4, case 5 and case 6 represent peak system load situations (100% of peak load and 

84% of system generation capacity). Case 1 assumes a low fuel price (1.70 $/MBtu for coal, 5.51 

$/MBtu for gas and 7.00 $/MBtu for oil), case 2 assumes a medium fuel price (1.88 $/MBtu for 

coal, 9.09 $/MBtu for gas and 12.00 $/MBtu for oil) and case 3 assumes a high fuel price (1.95 

$/MBtu for coal, 12.74 $/MBtu for gas and 16.37 $/MBtu for oil). The changes in power output 

of five generation types in relation to varying CO2 prices are shown in Figure 5.9, Figure 5.11, 

and Figure 5.13 for case 4, case 5 and case 6 respectively. The changes in system total CO2 

emissions and costs (CO2 emission costs, fuel costs and fuel-emission costs) in relation to 

varying CO2 prices are shown in Figure 5.10, Figure 5.12, and Figure 5.14 for case 4, case 5 and 

case 6 respectively. For each case, a wide range of CO2 prices are modeled. In case 4, the CO2 

price is increased from 0 $/ton to 230 $/ton in steps of 10 $/ton. In case 5 and case 6, the CO2 

price is increased from 0 $/ton to 450 $/ton in steps of 10 $/ton. 

The Locational Marginal Pricings (LMPs) for each bus are shown in Table 5.5, Table 5.6, 

and Table 5.7 for case 4, case 5 and case 6 respectively. For case 1, the LMPs are calculated at 

CO2 prices of 0 $/ton, 30 $/ton, 90 $/ton, and 230 $/ton. For case 2, the LMPs are calculated at 

CO2 prices of 0 $/ton, 80 $/ton, 180 $/ton, and 450 $/ton. For case 3, the LMPs are calculated at 

CO2 prices of 0 $/ton, 130 $/ton, 260 $/ton, and 450 $/ton. 
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Figure 5.12 Changes in power output in case 4 
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Figure 5.13 Changes in CO2 emissions and costs in case 4 
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                                                    CO2 price of 0 $/ton                                       CO2 price of 30 $/ton 
 
 

 
 

                                                   CO2 price of 90 $/ton                                      CO2 price of 230 $/ton 
 

Figure 5.14 Contour of LMPs in Case 4 
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TABLE 5.5 

                                                              5.5 LMPS IN CASE 4 ($/MWH) 

 

 

CO2= 0 

$/ton 

CO2= 30 

$/ton 

CO2= 90 

$/ton 

CO2= 230 

$/ton 

Bus 1 82.2 82.8 112.3 261.2 

Bus 2 80.7 81.9 111.7 259.8 

Bus 3 131.5 113.1 130. 307.9 

Bus 4 78.6 80.5 110.5 257.0 

Bus 5 73.9 77.6 108.8 252.6 

Bus 6 69.4 74.8 106.9 247.9 

Bus 7 54.3 69.7 100.5 172.4 

Bus 8 67.6 73.7 105.9 246.1 

Bus 9 73.4 77.3 108.1 250.8 

Bus 10 63.3 71.1 104.4 241.3 

Bus 11 51.4 63.8 99.7 229.1 

Bus 12 54.4 65.6 100.5 231.9 

Bus 13 48.1 61.8 98.2 225.2 

Bus 14 36.3 54.5 94.1 214.5 

Bus 15 6.5 36.1 83.0 185.8 

Bus 16 15.7 41.8 86.4 194.7 

Bus 17 12.4 39.8 85.2 191.5 

Bus 18 10.9 38.9 84.6 190.1 

Bus 19 23.6 46.7 89.4 202.3 

Bus 20 30.2 50.7 91.8 208.7 

Bus 21 9.6 38.0 84.1 188.8 

Bus 22 10.7 38.7 84.5 189.8 

Bus 23 33.7 52.9 93.1 212.0 

Bus 24 187.9 147.9 151.5 362.0 
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Figure 5.15 Changes in power output in case 5 
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Figure 5.16 Changes in CO2 emissions and costs in case 5 
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                                                    CO2 price of 0 $/ton                                        CO2 price of 80 $/ton 
 
 

 
 

                                                   CO2 price of 180 $/ton                                   CO2 price of 450 $/ton 
 

Figure 5.17 Contour of LMPs in Case 5 
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TABLE 5.6 

                                                                5.6 LMPS IN CASE 5 ($/MWH) 

 

 

CO2= 0 

$/ton 

CO2= 80 

$/ton 

CO2= 180 

$/ton 

CO2= 450 

$/ton 

Bus 1 144.7 148.0 207.8 495.8 

Bus 2 141.9 146.7 206.8 493.1 

Bus 3 239.1 194.1 241.0 585.5 

Bus 4 137.7 144.6 204.6 487.7 

Bus 5 128.8 140.3 201.4 479.2 

Bus 6 120.1 136.0 197.9 470.1 

Bus 7 89.7 130.8 182.1 320.7 

Bus 8 116.8 134.3 196.1 466.7 

Bus 9 127.7 139.7 200.0 475.8 

Bus 10 108.5 130.3 193.2 457.5 

Bus 11 85.8 119.3 184.5 434.0 

Bus 12 91.4 122.0 186.5 439.4 

Bus 13 79.4 116.1 181.8 426.6 

Bus 14 56.8 105.7 174.1 406.0 

Bus 15 0 77.2 153.5 350.7 

Bus 16 17.4 85.9 159.9 367.9 

Bus 17 11.1 82.8 157.7 361.8 

Bus 18 8.2 81.4 156.6 359.0 

Bus 19 32.2 93.2 165.4 382.5 

Bus 20 45.1 99.4 169.9 394.8 

Bus 21 5.6 80.1 155.7 356.5 

Bus 22 7.7 81.1 156.4 358.5 

Bus 23 51.8 102.7 172.3 401.2 

Bus 24 347.0 246.9 279.8 689.6 
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Figure 5.18 Changes in power output in case 6 
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Figure 5.19 Changes in CO2 emissions and costs in case 6 
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                                                    CO2 price of 0 $/ton                                      CO2 price of 130 $/ton 
 
 

 
 

                                                     CO2 price of 260 $/ton                                   CO2 price of 450 $/ton 
 

Figure 5.20 Contour of LMPs in Case 6 
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TABLE 5.7 

                                                             5.7 LMPS IN CASE 6 ($/MWH) 

 

 

CO2= 0 

$/ton 

CO2= 130 

$/ton 

CO2= 260 

$/ton 

CO2= 450 

$/ton 

Bus 1 210.0 215.2 291.4 492.7 

Bus 2 205.7 213.3 290.0 490.0 

Bus 3 355.5 280.6 340.0 580.5 

Bus 4 197.9 209.7 286.7 484.4 

Bus 5 184.5 203.7 282.2 476.3 

Bus 6 170.4 197.4 277.1 467.3 

Bus 7 125.8 192.5 259.2 356.7 

Bus 8 167.4 195.8 275.3 465.1 

Bus 9 184.4 203.6 281.2 474.4 

Bus 10 154.4 190.1 271.1 456.4 

Bus 11 120.1 174.8 258.9 434.1 

Bus 12 128.9 178.8 261.9 439.5 

Bus 13 111.4 170.9 255.6 428.0 

Bus 14 76.4 155.2 244.0 407.2 

Bus 15 -9.1 116.8 215.1 354.9 

Bus 16 18.1 129.0 224.3 371.5 

Bus 17 9.5 125.1 221.4 366.3 

Bus 18 5.5 123.3 220.0 363.9 

Bus 19 41.0 139.3 232.0 385.6 

Bus 20 60.8 148.2 238.8 397.7 

Bus 21 1.8 121.6 218.7 361.5 

Bus 22 6.7 123.9 220.4 364.6 

Bus 23 71.5 153.0 242.4 404.2 

Bus 24 521.9 355.4 396.2 681.8 
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5.3.2.1 Changes in Power Output 

As illustrated in Figure 5.9 (case 4), without CO2 emission constraints (CO2 price is 0 

$/ton), the system load can be met by hydro, nuclear, coal, and gas power generation (1172 MW 

from coal power generation, 625 MW from gas power generation, 800 MW from nuclear power 

generation, and 300 MW from hydro power generation). The oil generation is not dispatched. 

With increasing CO2 price, the generation output starts to shift from coal power generation to gas 

power generation at a CO2 price of 30 $/ton. At a CO2 price of 90 $/ton, the gas power 

generation almost equals the coal power generation (908 MW from coal power generation and 

890 MW from gas power generation). At this point, most of the entire 951 MW gas power 

generation is operating. Although there is still some gas-fired generation left (61 MW), the power 

output shifting between coal and gas power generation continues at a very small rate due to 

system congestion, regardless of how high the CO2 price rises. Throughout the whole process, 

the hydro and nuclear power generation are fully dispatched due to their competitive fuel prices, 

while the oil power generation is never dispatched due to the uncompetitive high oil price.  

Similar phenomena can be observed in Figure 5.11 (case 5) and Figure 5.13 (case 6). In 

Figure 5.11, the system load can be met by hydro, nuclear, coal, and gas power generation and 

the oil power generation is not dispatched when the CO2 price is 0 $/ton. The generation output 

starts to shift from coal power generation to gas power generation at a CO2 price of 80 $/ton. The 

gas power generation almost equals the coal power generation when the CO2 price reaches 180 

$/ton (907 MW from coal power generation and 890 MW from gas power generation). Although 

there is still some gas-fired generation left (61 MW), the power output shifting between coal and 

gas power generation continues at a very small rate due to system congestion, regardless of how 

high the CO2 price rises. In Figure 5.13, the system load can be met by hydro, nuclear, coal, and 
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gas power generation and the oil power generation is not dispatched when the CO2 price is 0 

$/ton. The generation output starts to shift from coal power generation to gas power generation at 

a CO2 price of 130 $/ton. The gas power generation almost equals the coal power generation 

when the CO2 price reaches 260 $/ton (908 MW from coal power generation and 890 MW from 

gas power generation). Although there is still some gas-fired generation left (61 MW), the power 

output shifting between coal and gas power generation continues at a very small rate due to 

system congestion, regardless of how high the CO2 price rises. In both cases, the hydro and 

nuclear power generation are fully dispatched throughout the whole process, while the oil power 

generation is never dispatched due to the uncompetitive high oil price. 

5.3.2.2 Changes in CO2 Emissions and Costs 

Meanwhile, the total system CO2 emission is changed because of the generation output 

shifting between coal and gas power generation. As shown in Figure 5.10 (case 4), the total 

system CO2 emissions decrease from 1453 tons/h at a CO2 price of 0 $/ton to 1326 tons/h at a 

CO2 price of 90 $/ton. The CO2 emissions decrease 8.7%. Although the system fuel-and-

emission costs increase extraordinarily from 54798 $/h at CO2 price of 0 $/ton to 183043 $/h at 

CO2 price of 90 $/ton, the system fuel costs increase from 54798 $/h to 63626 $/h and stay 

almost constant afterward, an increase of 16.1%. 

Similar phenomena can be observed in Figure 5.12 (case 5) and Figure 5.14 (case 6). In 

Figure 5.12, the total system CO2 emissions decrease from 1453 tons/h at a CO2 price of 0 $/ton 

to 1327 tons/h at a CO2 price of 180 $/ton. The CO2 emissions decrease 8.7%. Although the 

system fuel-and-emission costs increase extraordinarily from 79276 $/h at CO2 price of 0 $/ton 

to 335155 $/h at CO2 price of 180 $/ton, the system fuel costs increase from 79276 $/h to 96329 

$/h and stay almost constant afterward, an increase of 21.5%. In Figure 5.14, the total system 



76 
 

CO2 emissions decrease from 1453 tons/h at CO2 price of 0 $/ton to 1327 tons/h at a CO2 price 

of 260 $/ton. The CO2 emissions decrease 8.7%. Although the system fuel-and-emission costs 

increase extraordinarily from 102866 $/h at CO2 price of 0 $/ton to 473582 $/h at CO2 price of 

260 $/ton, the system fuel costs increase from 102866 $/h to 128611 $/h and stay almost constant 

afterward, an increase of 25%. 

5.3.2.3 Locational Marginal Pricings (LMPs) 

As shown in Table 5.5 (case 4), at CO2 prices of 0 $/ton, 30 $/ton, 90 $/ton and 230 $/ton, 

each bus has different LMPs. When the CO2 price is 0 $/ton, bus 24 has the highest LMP (188 

$/MWh) and bus 15 has the lowest LMP (6.5 $/MWh). When the CO2 price is 30 $/ton, bus 24 

has the highest LMP (147.9 $/MWh) and bus 15 has the lowest LMP (36.2 $/MWh). When the 

CO2 price is 90 $/ton, bus 24 has the highest LMP (151.3 $/MWh) and bus 15 has the lowest 

LMP (83 $/MWh).  When the CO2 price is 230 $/ton, bus 24 has the highest LMP (362 $/MWh) 

and bus 7 has the lowest LMP (172.5 $/MWh). 

Similar phenomena can be observed in Table 5.6 (case 5) and Table 5.7 (case 6). In Table 

5.6, at CO2 prices of 0 $/ton, 80 $/ton, 180 $/ton and 450 $/ton, each bus has different LMPs. 

When the CO2 price is 0 $/ton, bus 24 has the highest LMP (347 $/MWh) and bus 15 has the 

lowest LMP (0 $/MWh). When the CO2 price is 80 $/ton, bus 24 has the highest LMP (246.9 

$/MWh) and bus 15 has the lowest LMP (77.2 $/MWh). When the CO2 price is 180 $/ton, bus 24 

has the highest LMP (279.8$/MWh) and bus 15 has the lowest LMP (153.5 $/MWh).  When the 

CO2 price is 450 $/ton, bus 24 has the highest LMP (689 $/MWh) and bus 7 has the lowest LMP 

(320 $/MWh). In Table 5.7, at CO2 prices of 0 $/ton, 130 $/ton, 260 $/ton and 450 $/ton, each 

bus has different LMPs. When the CO2 price is 0 $/ton, bus 24 has the highest LMP (521.9 

$/MWh) and bus 15 has the lowest LMP (-9.1 $/MWh). When the CO2 price is 130 $/ton, bus 24 
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has the highest LMP (355.4 $/MWh) and bus 15 has the lowest LMP (116.8 $/MWh). When the 

CO2 price is 260 $/ton, bus 24 has the highest LMP (396.2 $/MWh) and bus 15 has the lowest 

LMP (215.1 $/MWh).  When the CO2 price is 450 $/ton, bus 24 has the highest LMP (681.8 

$/MWh) and bus 15 has the lowest LMP (354.9 $/MWh). 

5.4 Discussion 

First of all, simulation results are sensitive to system load level. In normal system load 

situation (case 1, case 2 and case 3), the load can be met by nuclear, hydro and coal power 

generation, and the gas power generation units are not running. When a certain amount of CO2 

price is added, the generation output from coal power generation starts to shift to gas power 

generation. At a high enough CO2 price, most of the coal power generation shifts to gas power 

generation. However, in the peak system load situation (case 4, case 5 and case 6), a large 

amount of gas power generation was already dispatched in order to meet the load even without 

CO2 emission constraints. When a CO2 price is added, the system does not have enough gas 

power generation capacity left to replace the large amount of the coal power generation. For 

example, only around 270 MW of coal power generation has been replaced by gas power 

generation in case 4, case 5 and case 6, compared with around 870 MW in case 1, case 2 and 

case 3. This results the CO2 emissions reduction by around 8.7% only in case 4, case 5 and case 

6, but were reduced by 44.6% in case 1, case 2 and case 3. For this IEEE RTS, higher load level 

results less CO2 reduction because of limited gas generation. 

Simulation results are also sensitive to gas price. When gas has a low price (case 1 and 

case 4), the shifting between coal power generation and gas power generation starts at a 

relatively lower CO2 price. When gas has a high price (case 3 and case 6), the shifting between 

coal power generation and gas power generation starts at a relatively higher CO2 price. The 
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shifting starts at a medium CO2 price when gas has a medium price (case 2 and case 5). For 

example, the shifting starts at a CO2 price of 40 $/ton and 30 $/ton for case 1 and case 4 

respectively, at a CO2 price of 70 $/ton and 80 $/ton for case 2 and case 5 respectively, and at a 

CO2 price of 130 $/ton for case 3 and case 6. For this IEEE RTS, higher gas prices result in 

higher CO2 prices to reduce the CO2 emissions. 

The system fuel cost increases in 6 cases are sensitive to system load level as well as gas 

price. The system fuel cost increases in case 1, case 2 and case 3 are more than the fuel cost 

increases in case 4, case 5 and case 6. The reason is because around 270 MW of coal power 

generation has been replaced by gas power generation in case 4, case 5 and case 6, compared 

with around 870 MW in case 1, case 2 and case 3. For the same system load level, the higher the 

gas prices, the more the system fuel costs increase. For example, the system fuel costs increase 

189%, 326% and 448% for case 1, case 2 and case 3 respectively, while increase 16.1%, 21.5%, 

and 25.0% for case 4, case 5 and case 6 respectively.  

The changes of LMPs in 6 cases are different, basically determined by system load levels. 

For case 1, case 2 and case 3, each bus has different LMPs when the CO2 prices are lower than 

some certain levels, while each bus has the same LMPs when the CO2 prices are higher than 

some certain levels. LMPs vary by buses when transmission congestion exists within the system. 

Simulation results from PowerWorld simulator reveal that transmission congestion exists 

between bus 16 and bus 24. For case 4, case 5 and case 6, each bus has different LMPs for all 

CO2 prices, which means transmission congestion exists within the system all the time. 

Simulation results from 6 cases identified that the transmission branch between bus 16 and bus 

24 is the major transmission constraint for IEEE RTS. 

The simulation results from in this chapter are based on IEEE RTS, which has specific 
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generation mix and transmission constraints. The results will be different in other systems with 

different topology, generation mix, and transmission constraints.  
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CHAPTER 6 

6. OPTIMIZATION METHODOLOGY TO IMPLEMENT CO2 EMISSION-

INCORPORATED AC OPTIMAL POWER FLOW 
 

 

This chapter gives an optimization methodology to implement the proposed CO2 

emission-incorporated ac optimal power flow (OPF) in order to meet the annual CO2 emission 

limits. The same IEEE RTS has been used in this chapter and the optimization methodology is 

realized by integer programming. Section 6.1 formulates the problem. Section 6.2 presents the 

optimization methodology of integer programming. Various study results based on different 

annual CO2 emission caps are given in section 6.3. 

6.1 Problem Formulation 

The load of an electric power system experience cycles; for example, the loads will 

generally be higher during day time and early evening due to high industrial and residential load 

and lower during late night and early morning when people are sleeping. Also, the system load 

has weekly cycles; the load is lower on weekend days than weekdays. Furthermore, the system 

load is normally higher in summer and winter seasons when more heating and air-conditioning 

equipment is used.  

The load data for the IEEE RTS during a one-year period are given in [47]. The total load 

of IEEE RTS during this period can be represented in a diagram that plots system load as a 

function of time, as shown in Figure 6.1. The chronological load data in Figure 6.1 can be 

converted into a load-duration curve, as shown in Figure 6.2. In Figure 6.2, the x-axis shows how 

many hours the load was equal to or greater than the load level shown on the y-axis.  
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Figure 6.1 Chronological annual load curve of IEEE RTS 
 

 

Figure 6.2 Load-duration curve of IEEE RTS 
 
 

To simplify the optimization, six representative load levels were chosen from the load-

duration curve of IEEE RTS to represent system load variety6, as shown in Figure 6.3. The six 

representative load levels, the corresponding load ranges, and the number of hours are 

                                                        
6 In real situation, the more representative load levels are chosen, the more accurate the results are. 
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summarized in Table 6.1. All loads in one range are assumed as this range’s representative load 

level. For example, all load levels between range of 966 MW and 1350 MW are assumed as 

representative load 1225 MW. For each representative load level, the CO2 emission-incorporated 

OPF developed in chapter 4 was implemented, using the same assumed fuel prices (1.88 $/MBtu 

for coal, 9.09 $/MBtu for gas and 12.00 $/MBtu for oil). The variations of CO2 emissions and 

fuel costs before and after implementing the CO2 emission-incorporated OPF, and the resultant 

CO2 emission costs, are summarized in Table 6.2. Table 6.2 shows that the higher the 

representative load level, the higher the average CO2 reduction costs. For example, in the lowest 

representative load level (1225 MW), the average CO2 reduction costs will be 109 $ in order to 

reduce 1 ton of CO2 emissions. But in the highest representative load level (2495 MW), the 

average CO2 reduction costs will be 178 $ in order to reduce 1 ton of CO2 emission. It has to be 

note that this variation trend of average CO2 reduction costs is only valid for this system and 

cannot represent other systems, which will have different results.  

Simulation results in Table 6.2 have shown that the costs for reducing CO2 emissions in 

IEEE RTS system are different in terms of various representative load levels. Climate change 

regulations most likely will limit the CO2 emissions from the electric power industry at an annual 

level. For a given power system such as IEEE RTS, therefore, the annual CO2 emission cap 

could be met by implementing the proposed CO2 emission-incorporated optimal power flow 

(OPF) optimally such that the annual CO2 emission reduction costs could be minimized. 
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Figure 6.3 Annual load-duration curve and representative load levels 
 

TABLE 6.1 

6.1 REPRESENTATIVE LOAD LEVELS, LOAD RANGES AND NUMBER OF HOURS 

 

# Representative load level (MW) Load range (MW) Number of hours 

1 1225 966-1350 1636 

2 1475 1350-1600 1899 

3 1725 1600-1850 1684 

4 1975 1850-2100 1534 

5 2225 2100-2350 1241 

6 2475 2350-2850 742 
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TABLE 6.2 

6.2 AVERAGE CO2 REDUCTION COSTS 

 

Representative 
load (MW) 

CO2 Emissions 
(tons/h) 

Fuel Costs ($/h) 
Average CO2 Reduction 

Costs ($/ton) 

Before After Before After  

1225  220 100 4422 17500 109 

1475 460 225 9217 39425 129 

1725 675 341 13532 59539 137 

1965 909 497 18210 77970 145 

2225 1102 768 31318 83180 155 

2475 1263 1003 45355 91770 178 

 

6.2 Optimization Methodology 

The optimization methodology can be realized using integer programming [49]. An 

integer program is a linear program in which some or all of the variables are required to be 

nonnegative integers. In this work the nonnegative integer is the number of hours to or not to 

implement the CO2 emission-incorporated ac OPF. 

The objective function in this optimization methodology is the system total fuel costs, as 

shown in (6.1). 

1

min ( ) (6.1)
N

i i i i

i

Z Xa Ta Xb Tb
=

 
= × + × 

 
∑  

where Z is the system total fuel costs which need to be minimized, N is the number of 

representative load levels, Xai is the fuel cost when the CO2 emission-incorporated ac OPF was 
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implemented at representative load level i, Tai is the number of hours to implement the CO2 

emission-incorporated ac OPF at representative load level i, Xbi is the fuel cost when the CO2 

emission-incorporated ac OPF was not implemented at representative load level i, and Tbi is the 

number of hours not to implement CO2 emission-incorporated ac OPF at representative load level 

i. 

The first constraint is that the CO2 emissions in one year should be lower than a cap 

value, as shown in (6.2). 

1

( ) (6.2)
N

i i i i

i

Ea Ta Eb Tb E
=

× + × ≤∑  

where E is the annual CO2 emissions cap in tons per year (tons/yr), Eai is the amount of CO2 

emissions when the CO2 emission-incorporated ac OPF was implemented at representative load 

level i, and Ebi is the amount of CO2 emissions when the CO2 emission-incorporated ac OPF was 

not implemented at representative load level i. In normal situations (6.2) is an equal equation 

because it is economic for utilities to just meet the cap.  

It has to be noted that the annual CO2 emissions cap should be within achievable limits, 

as shown in (6.3). The minimum annual CO2 emission, Emin, is the amount of CO2 emissions 

when the CO2 emission-incorporated ac OPF was implemented throughout the entire year, as 

shown in (6.4). Any annual cap set below Emin cannot be met by implementing the CO2 emission-

incorporated ac OPF only. The maximum annual CO2 emission, Emax, is the amount of CO2 

emissions when the CO2 emission-incorporated ac OPF was not implemented throughout entire 

year, as shown in (6.5). 

min max (6.3)E E E≤ ≤  

min

1

( ) (6.4)
N

i i

i

E Ea T
=

= ×∑  
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max

1

( ) (6.5)
N

i i

i

E Eb T
=

= ×∑  

The second constraint is that for each representative load level, the sum of the number of 

hours to implement the CO2 emission-incorporated ac OPF and the number of hours not to 

implement the CO2 emission-incorporated ac OPF is equal to total number of hours of the 

representative load level, as shown in (6.6). 

(6.6)i i iTa Tb T+ =  

where Ti is the total number of hours of the representative load level i. 

6.3 Simulation Results 

The optimization methodology developed in section 6.2 was implemented by 

“What'sBest!” software [50]. “What'sBest!” is an Excel add-in that allows users to build large 

scale optimization models within a spreadsheet.  

The minimum annual CO2 emission Emin and maximum annual CO2 emission Emax were 

determined first. When the CO2 emission-incorporated ac OPF was implemented throughout the 

entire year, the amount of CO2 emissions was 3624831 tons/yr. When the CO2 emission-

incorporated ac OPF was not implemented throughout the entire year, the amount of CO2 

emissions was 6069294 tons/yr. The maximum system CO2 emission reduction is 2444463 

tons/yr, or 40.3%. 

6.3.1 10% Annual CO2 Emission Reduction  

If the IEEE RTS is required to reduce 10% of its annual CO2 emissions, or the annual 

CO2 emissions cap was 5462364 tons/yr, all hours during load level 1 plus 1747 hours of load 

level 2 have to be implemented with CO2 emission-incorporated ac OPF, while the remaining 

hours can be omitted from the OPF optimization, as shown in Figure 6.4. 
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Figure 6.4 10% annual CO2 emission reduction 
 

6.3.2 20% Annual CO2 Emission Reduction  

If the IEEE RTS is required to reduce 20% of its annual CO2 emissions, or the annual 

CO2 emissions cap was 4855435 tons/yr, all hours during load level 1, load level 2 and load level 

3, plus 22 hours of load level 4 have to be implemented with CO2 emission-incorporated ac OPF, 

while the remaining hours can be omitted from the OPF optimization, as shown in Figure 6.5 

 

Figure 6.5 20% annual CO2 emission reduction 
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6.3.3 30% Annual CO2 Emission Reduction  

If the IEEE RTS is required to reduce 30% of its annual CO2 emissions, or the annual 

CO2 emissions cap was 4248505 tons/yr, all hours during load level 1, load level 2 and load level 

3, plus 1495 hours of load level 4 have to be implemented with CO2 emission-incorporated ac OPF, 

while the remaining hours can be omitted from the OPF optimization, as shown in Figure 6.6. 

 

Figure 6.6 30% annual CO2 emission reduction 
 

6.3.4 40% Annual CO2 Emission Reduction  

If the IEEE RTS is required to reduce 40% of its annual CO2 emissions, or the annual 

CO2 emissions cap was 3641576 tons/yr, all hours during load level 1, load level 2, load level 3, 

load level 4, and load level 5, plus 678 hours of load level 6 have to be implemented with CO2 

emission-incorporated ac OPF, while the remaining hours can be omitted from the OPF 

optimization, as shown in Figure 6.7. 
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Figure 6.7 40% annual CO2 emission reduction 
 

6.3.5 CO2 Emission Reductions and Fuel Costs 

The annual CO2 emission reduction will increase the annual fuel costs. Table 6.3 

summaries the fuel costs in terms of various annual CO2 emission reduction requirements. 

 
TABLE 6.3 

6.3 ANNUAL CO2 EMISSION REDUCTIONS AND FUEL COSTS 

 

CO2 emissions (million tons/yr) 6.07 5.46 4.86 4.25 3.64 

CO2 emission reduction (%) N/A 10% 20% 30% 40% 

Fuel costs (million $/yr) 147.98 222.16 305.49 393.53 491.70 

Fuel costs increase (million $/yr) N/A 50.1% 106.4% 165.9% 232.3% 
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CHAPTER 7 

CONCLUSIONS AND FUTUER WORK 

7.1 Conclusions 

In this work, a CO2 emission-incorporated cost model has been developed. On the basis 

of this model, a CO2 emission-incorporated optimal power flow has been formulated. The effects 

of the proposed approach on electric power system dispatch and operations were investigated 

using the standard IEEE 24-bus reliability test system through several case studies. The theory, 

analysis, results, and observations presented in this dissertation can be summarized as: 

• CO2 emissions from the electric power industry are impacted by several power system 

features; ignoring any of them will incur errors in analysis. 

• The proposed approach - CO2 emission-incorporated ac OPF - is a powerful tool that 

considers all the features that impact CO2 emissions from committed electric power 

generation. In its present form, it does not perform unit commitment, but this feature 

could be added in the future. 

• The CO2 emission-incorporated ac OPF, which can be realized in commercial and 

educational power system software or developed as stand-alone software, has potential to 

be utilized for investigating and assessing the effects, including costs and reliability, of 

GHG limits on the electric power industry. 

• Simulation results in this dissertation show that the effects of GHG limits on electric 

power system dispatch and operations are sensitive to several factors such as fuel prices 

and system load levels.  

• In the current high gas price situation, simulation results from this dissertation show that 

it is quite expensive for the electric power industry to reduce CO2 emissions by switching 
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high CO2 emission coal-fired generation units to low CO2 emission gas-fired generation 

units. 

7.2 Future Work 

 

Based on the conclusions of this research, several issues are recommended for future 

work, as follows: 

• Investigate how effective new transmission lines will be in meeting GHG emission limits 

and how they will affect the dispatch and operations of electric power system. 

• Investigate how effective new low-carbon generation and renewable generation will be in 

meeting GHG emission limits and how they will affect the dispatch and operations of 

electric power system. 

• Investigate the effects of intermittent renewable resources, wind energy for example, on 

CO2 emissions from electric power system, and how they will affect the dispatch and 

operations of electric power system. 

• Investigate how effective energy storage will be in meeting GHG emission limits and 

how it will affect the dispatch and operations of electric power system. 

• The CO2 emission-incorporated ac OPF can be used to study actual power systems.  The 

actual power system can be system of California and system of RGGI, or entire western 

grid and eastern grid. 
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