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Lay Summary 

A novel configuration for gas-fired power plants with carbon dioxide capture is proposed, 

where the combustion of natural gas in a sequential manner in the steam generator increases 

the production of heat, work and carbon dioxide compared to a conventional configuration. 

This reduces capital costs and operational costs per kW of installed electric capacity and, 

when combined with enhanced oil recovery, a process which improves the recovery of 

producing oil fields, creates additional revenues. This lowers the cost of production of low-

carbon electricity. A techno-economic assessment shows that the findings are robust over a 

range of fuel prices, carbon dioxide prices and capital costs. Efficiency improvements are 

then proposed by increasing the pressure of steam generation, the working fluid of the 

combined steam cycle of the gas-fired power plant, above its critical point. Optimum 

strategies for the part-load operation of this novel configuration are proposed, which 

maximise both electricity and CO2 production. This novel configuration of gas-fired power 

plants could be attractive in Mexico, where favourable conditions for enhanced oil recovery 

and affordable natural gas prices will continue to exist. 
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Abstract 

The rapid electrification through natural gas in Mexico, the interest of the country to mitigate 

the effects of climate change, and the opportunity for rolling out Enhanced Oil Recovery at 

national level requires an important R&D effort to develop nationally relevant CCS 

technology in natural gas combined cycle power plants. Post-combustion carbon dioxide 

(CO2) capture at gas-fired power plant is identified and proposed as an effective way to 

reduce CO2 emissions generated by the electricity sector in Mexico. In particular, gas-fired 

power plants with carbon dioxide capture and the sequential combustion of supplementary 

natural gas in the heat recovery steam generator can favourably increase the production of 

carbon dioxide, compared to a conventional configuration. This could be attractive in places 

with favourable conditions for enhanced oil recovery and where affordable natural gas prices 

will continue to exist, such as Mexico and North America. 

Sequential combustion makes use of the excess oxygen in gas turbine exhaust gas to 

generate additional CO2. But, unlike in conventional supplementary firing, allows keeping 

gas temperatures in the heat recovery steam generator below 820°C, avoiding a step change 

in capital costs. It marginally decreases relative energy requirements for solvent regeneration 

and amine degradation.  

Power plant models integrated with capture and compression process models of Sequential 

Supplementary Firing Combined Cycle (SSFCC) gas-fired units show that the efficiency 

penalty is 8.2% points LHV compared to a conventional natural gas combined cycle power 

plant with capture.  The marginal thermal efficiency of natural gas firing in the heat recovery 

steam generator can increase with supercritical steam generation to reduce the efficiency 

penalty to 5.7% points LHV. Although the efficiency is lower than the conventional 

configuration, the increment in the power output of the combined steam cycle leads a 

reduction of the number of gas turbines, at a similar power output to that of a conventional 

natural gas combined cycle. This has a positive impact on the number of absorbers and the 

capital costs of the post combustion capture plant by reducing the total volume of flue gas by 

half on a normalised basis. The relative reduction of overall capital costs is, respectively, 9.1 

% and 15.3% for the supercritical and the subcritical combined cycle configurations with 

capture compared to a conventional configuration. The total revenue requirement, a metric 

combining levelised cost of electricity and revenue from EOR, shows that, at gas prices of 2 
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$/MMBTU and for CO2 selling price from 0 to 50 $/tonneCO2, subcritical and supercritical 

sequential supplementary firing presents favourably at 47.3-26 $/MWh and 44.6-25 $/MWh, 

respectively, compared with a conventional NGCC at 49.5-31.7 $/MWh.  

When operated at part-load, these configurations show greater operational flexibility by 

utilising the additional degree of freedom associated with the combustion of natural gas in 

the HRSG to change power output according to electricity demand and to ensure continuity 

of CO2 supply when exposed to variation in electricity prices. The optimisation of steady 

state part-load performance shows that reducing output by adjusting supplementary fuel 

keeps the gas turbine operating at full load and maximum efficiency when the net power 

plant output is reduced from 100% to 50%. For both subcritical and supercritical combined 

cycles, the thermal efficiency at part-load is optimised, in terms of efficiency, with sliding 

pressure operation of the heat recovery steam generator. Fixed pressure operation is 

proposed as an alternative for supercritical combined cycles to minimise capital costs and 

provide fast response rates with acceptable performance levels. 
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1. Introduction 

1.1 Carbon Capture and Storage and its contribution to mitigating 

climate change 

Global CO2 emissions have been rising significantly with the potential to cause catastrophic 

climate change. It has been estimated that global greenhouse gas (GHG) emissions will 

continue to rise by 28% from 2000 to 2030 if no action is taken (IPCC, 2013). In the recent 

Paris agreement on climate change a new goal was set to limit temperature rises to 2 °C 

(WEO, 2015). Past emissions, amounting to about 2 trillion tonnes of CO2, caused an 

increment of 1°C in temperature (Hone, 2016). In order to limit temperature rises to 2 °C 

global CO2 emissions must be reduced.  

Mexico has undertaken actions to mitigate and prevent the effects of climate change as the 

Framework Convention of the United Nations on Climate Change and the Kyoto Protocol. 

To fulfill the targets set by the Climate Change Act, the country is committed to reducing 

“its greenhouse emissions by 50% below 2000 levels by 2050” (Veysey, et al, 2015; 

CTF/TFC, 2009). Mexico ranks thirteenth in the world based on total GHG emissions and is 

the second largest emitter in Latin America after Brazil. It is expected that the energy 

demands will grow from 301,462 GWh in 2014 to 470,432 GWh in 2029, driven mainly by 

expanding economic activity, a growing population, and rising standards of living (Veysey, 

et al, 2015; Mexican Ministry of Energy, 2015).  

Due to the emergence of shale gas, natural gas reserves have increased in the past five years, 

and as a result, the gas price has dropped significantly. The gas price reduction plus lower 

capital costs, higher efficiency, and minimal SOx emissions, has led to a significant increase 

in the number of natural gas combined cycle (NGCC) plants being built. In the case of 

Mexico, projections show that natural gas will continue being the dominant source of energy 

until 2029, representing 45% of the total generation (Mexican Ministry of Energy, 2015; 

Federal Commission of Electricity, 2014).  

Although NGCC power plants have relatively low carbon intensity, the high participation of 

NGCC in Mexico causes them to emit large amounts of CO2 and will require CO2 capture 

technologies to mitigate GHG emissions. At the same time, production from oil sites located 

in the Gulf of Mexico, which are becoming depleted or less productive through traditional 
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extraction methods, could be extended by the injection of CO2 for enhanced oil recovery 

(EOR).  

Carbon capture and storage (CCS) is proposed to decarbonise the electricity market between 

2020 and 2050 which would make it possible to generate electricity from coal and gas with 

nearly zero emissions (IPCC CCS, 2004). Three promising capture methods are currently 

being developed for coal and natural gas power plants: post-combustion capture, pre-

combustion capture, and oxy-combustion, as shown in Figure 1.1.  

 

Figure 1.1. Schematics of CO2 capture technologies for power plants (Leung et al, 2014; 

IPCC, 2010) 

Post-combustion capture: This technology separates CO2 from the flue gases of a power 

plant. Chemical absorption is used to absorb the CO2. 

Pre-combustion capture: In this process, solid, liquid or gaseous fuel is pretreated before 

combustion. For coal, the pretreatment involves a gasification process conducted in a gasifier 

under low oxygen levels forming a syngas which consists mainly of CO and H2. The syngas 

then undergoes a water gas shift reaction with steam forming more H2 while the CO gas is 
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converted to CO2. Then the H2/CO2 fuel gas mixture is separated. For natural gas, it is 

reformed to syngas containing H2 and CO, and then H2/CO2 fuel gas mixture is separated 

(Leung et al, 2014). Methane (CH4), which is the main component in natural gas, is 

converted in a mixture of H2 and CO in a reformer as shown in Reactions 1.1 and 1.2. The 

main reactions involved in steam reforming are endothermic. 

CH4 + H2O                            CO + 3H2                Reaction 1.1 

CH4 + 2H2O                            CO2 + 4H2                Reaction 1.2 

The syngas which consists mainly by CO and H2 is sent to the water – gas shift reactor with 

steam in order to form more H2 and to produce CO2 as shown in Reaction 1.3 (Leung et al, 

2014). In steam reforming steam is needed for the reaction. Therefore, heat is necessary to 

produced it. In addition, heat is required to compensate for the heat losses in the reformer 

and as well as for the endothermic reaction (Amann et al, 2009). 

CO + H2O                            CO2 + H2                Reaction 1.3 

Other option for natural gas reforming is partial oxidation. CH4 is partly burnt in the 

reformer to produce H2 as shown in reaction 1.4, in this case the reaction is exothermic 

(Amann et al, 2009) the air separation unit is required.  

CH4 + ½ O2                            CO + 2H2                Reaction 1.4 

The power plant has lower efficiency compared with other technologies mainly for the steam 

extraction, air separation unit (Amann et al, 2009). The IEAGHG, (2012) reported a techno 

economical study of CO2 capture at gas fired power plants and presented six case studies 

including pre-combustion and pre-combustion with H2. Both cases represented the highest 

levelised cost of electricity (IEAGHG, 2012). The most promising technology for pre-

combustion is the auto-thermal reforming which is a combination of the two processes 

described previously, the heat of the exothermic reaction (partial oxidation) supplies heat to 

the endothermic reaction of steam reforming (Amann et al, 2009). This technology is not yet 

in the market, as Mexico is a developing economy, experimental units are not first priority.   

Oxy-combustion: In this process, O2, instead of air, is used for combustion. With the use of 

pure O2 for the combustion, the major composition of the flue gases is CO2, water, 

particulates, and SO2. Particulates and SO2 can be removed by conventional electrostatic 

precipitator and flue gas desulphurization methods, respectively. The remaining gases 

contain a high concentration of CO2 around 80-90%, depending on the fuel used (Leung et 

al, 2014).  
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Table 1.1 compares the three CO2 capture technologies described previously. Technologies 

which are more suitable in natural gas power plants are indicated in blue. Currently, post-

combustion technology is the first commercial-scale demonstration for CO2 capture from a 

power plant e.g. Boundary Dam project. This technology has been used for decades to 

separate CO2 from industrial gas streams. The basic process was patented in 1930 (Merkel, 

2013; Rochelle, 2009). It can be applied in an existing power plant (retrofit) without 

requiring excessive modifications with substantial cost reduction as well as in a new power 

plant (Leung et al, 2014, Herzog et al, 2009). Although the air separation unit is a mature and 

available technology (Table 1.1, shaded row), oxy-combustion technology is yet not in the 

market. As Mexico is a developing economy, experimental units are not first priority.   

The main problem in post-combustion capture technology in NGCC lies in the low CO2 

partial pressure. Many studies (e.g. Hellat and Hoffmann, 2016; National Energy 

Technology Laboratory, 2013; Merkel et al, 2012) have shown that low CO2 concentrations 

in the exhaust gas in a conventional post-combustion capture plant using amines increases 

the capture cost significantly. A large amount of gas must be treated because CO2 is diluted 

by the nitrogen that enters with a high amount of excess of air around 200% (Merkel et al, 

2012; National Energy Technology Laboratory, 2013; IEAGHG, 2012).  

Some alternatives have been proposed to solve the main problems in the incorporation of 

CO2 capture in natural gas, such as exhaust gas recirculation (EGR), selective exhaust gas 

recirculation, humidification, and supplementary firing (National Energy Technology 

Laboratory, 2013; Li et al, 2012; Merkel et al., 2012; IEAGHG, 2012; Aboudheir and 

ElMoudir, 2009). However, none of them have been close to the stoichiometric combustion. 

In the first two alternatives the main modification occurs in the gas turbine; in the third, the 

gas and steam cycle are modified; and in the last one only the HRSG. Although 35% of 

exhaust gas recirculation (EGR) is reasonable and allowed in a General Electric gas turbine, 

higher than this percentage, modifications in the design of the combustor would probably be 

needed. As is mentioned before, testing units are not the first interest of Mexico, especially 

gas turbines because Mexico has no experience in manufacturing them.  

Post-gas turbine firing that uses commercially available approaches and technologies that 

could get close to stoichiometric levels and can be readily built in Mexico based on its 

experience developed in boilers e.g. CERREY company (CERREY 2016). The main purpose 

of sequential supplementary firing, which consists in burning fuel sequentially in the HRSG 

using the excess of O2 content in the flue gas, is to increase further CO2 concentration 

avoiding modifications to the gas turbine. 

http://www.google.ch/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22J%C3%BCrgen+Hoffmann%22
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Table 1.1 Advantages and disadvantages of the different CO2 capture technologies (Leung et al, 2014) 

CO2 capture 

technology 
Application area Advantages Disadvantages 

Post-combustion 
Coal - fired and  

gas - fired plants 

Technology more mature than other 

alternative; can easily retrofit into 

existing plant 

Low CO2 concentration (especially in 

gas) affects the capture efficiency 

Pre-combustion 
Coal - gasification 

plants 

High CO2 concentration enhanced 

absorption efficiency, fully developed 

technology, commercially deployed at 

the required scale in some industrial 

sectors; opportunity for retrofit to 

existing plant 

Temperature associated heat transfer 

problem efficiency and efficiency decay 

issues associated with the use of 

hydrogen-rich gas turbine fuel; high 

parasitic power requirement for sorbent 

regeneration; inadequate experience due 

to few gasification plants currently 

operated in the market; high capital and 

operating cost for current sorption 

system 

Oxy-fuel 

combustion 

Coal - fired and 

gas - fired plants 

Mature air separation technologies 

available; reduced volume of gas to be 

treated, hence required smaller boiler and 

other equipment; CO2 is the main 

combustion product, which remains 

unmixed with N2, thus avoiding energy 

intensive air separation 

High efficiency drop and energy 

penalty; cryogenic O2 production is 

costly; corrosion problem may arise 

Chemical 

looping 

combustion 

Coal - gasification 

plants 

CO2 is the main combustion product, 

which remains unmixed with N2, thus 

avoiding energy intensive air separation 

Process is still under development and 

inadequate large scale operation 

experience 

Shaded rows indicate the technology suitable for natural gas combined cycle 
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1.2 Research aims and objectives 

This thesis focuses on identifying and developing optimum configurations for post-combustion 

CO2 capture in NGCC power plants in order to propose its use as an effective way to reduce CO2 

emissions generated by the electricity sector in Mexico. The development of this alternative has 

to be created under the specific conditions of Mexico. Important aspects that have to be 

considered include changes in market conditions such as the variation in future electricity 

demand; baseload and part-load generation which will be influenced by renewables; the price of 

fuel; opportunities for EOR projects; oil price; and capital expenditure in order to achieve the 

lowest cost per tonne of CO2 captured for EOR (project economics based on CO2 sales) and the 

lowest cost of electricity generation with CCS to abate CO2 emissions (project economics based 

on electricity sales).  

In achieving these objectives, as the main research is focused on NGCC power plant, the 

proposed alternatives have to address the three main challenges in the incorporation of post-

combustion capture in NGCC: the low CO2 concentration, the high volumetric flow, and the 

high concentration of O2 in the flue gas. 

1.3 Scope and outline of this thesis 

This research examines different CO2 capture technologies in order to define the most suitable 

alternative with appropriate configurations for Mexico. In addition, the technologies selected have 

to represent the lowest cost per tonne of CO2 captured for EOR and the lowest levelised cost of 

electricity for higher capture rates. 

- Chapter 2 gives an overview of the status of the electricity sector in Mexico. The answers to 

these questions are necessary before proposing an alternative for Mexico: what has been done 

relating to CCS; what is the capacity for EOR projects and for CO2 storage; and what is the 

future plan on CCS? Here the Mexican CCUS road map is described. The main contribution 

of this chapter is the identification of the future power plants that are the candidates for 

incorporating post-combustion capture. In addition, the CO2 emissions for new power plants 

are estimated; and finally a description of how power plants are operated in Mexico is given 

in the last section.  

- Chapter 3 begins with a literature review of alternative methods to increment the CO2 

concentration and to reduce the volumetric flow and the O2 concentration in NGCC plants in 

order to facilitate post-combustion capture; impact of the alternative methods on power plant 

and CO2 capture plant, as well as the advantages and drawbacks in these alternatives for a 
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range of studies are given. After that, a literature review of the capture plant and CO2 

compressors at design and part-load conditions is provided. 

- Chapter 4 introduces a novel alternative for post-combustion capture in natural gas: 

sequential supplementary firing combined cycle (SSFCC). The configuration of this 

alternative and the design principles are established. After defining the optimum alternatives, 

the economic analysis considering important aspects for Mexico is carried out for two 

supplementary firing configurations, one with a supercritical combined cycle and one with a 

subcritical combined cycle SSFCC. The techno-economic results at base load of the novel 

alternative SSFCC are compared with a conventional NGCC with CO2 capture. The 

economic evaluation includes a sensitivity analysis with the gas price, CO2 selling price, and 

with capital cost.  

- Chapter 5 defines and evaluates the operating strategies at part-load for supercritical and 

subcritical supplementary firing configurations. A methodology for a rigorous assessment of 

each configuration at part-load is proposed and the sources of information which support the 

methodology are given.  

- Chapter 6 shows the performance of the power plant cases at part-load for the operating 

strategies defined in Chapter 5. These are compared with a conventional NGCC. The main 

parameters that affect the efficiency of the sequential supplementary firing power plants are 

defined and the most efficient operating modes are selected. 

- Finally, in chapter 7, conclusions are reached and recommendations for future work are 

suggested 

1.4 Thesis contribution 

An original contribution of this thesis consists in examining the relative merits of practicable 

high-level supplementary firing shown in Figure 1.3 vs unfired natural gas combined cycle 

shown in Figure 1.2 to address the research problem presented in Section 1.2.  

Combined cycle gas turbine power plants with sequential supplementary firing in the heat 

recovery steam generator, and subcritical steam cycle effectively makes use of the excess 

oxygen necessary for gas turbine combustion to generate additional CO2 and keeps a 

temperature of around 800-900°C, an achievable range within a heat recovery steam 

generator with supplementary firing (Kehlhofer et al., 2009). The last stage of supplementary 

firing brings oxygen close to stoichiometric limits (1% v/v). The marginal thermal efficiency 

of subcritical SSFCC in the heat recovery steam generator can increase with supercritical 

steam generation and double reheat to reduce the efficiency penalty. 
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The cost impacts of CO2-EOR sales are investigated in this thesis, with a sensitivity analysis 

of the capital cost of the SSFCC configuration over a range of capital costs from -20% to 

20%; gas prices from 2 to 6 $/MMBTU; and because of the decrease of the crude oil price, 

the CO2 sale price covers a range from 0 to $50/tonneCO2. The subcritical SSFCC 

configuration is more sensitive to variations in the CO2 selling price mainly because of the 

additional revenue from selling CO2 for EOR. The total revenue requirement (TRR), which 

is the levelised cost of electricity considering the revenue from selling CO2, of subcritical 

SSFCC, at gas price from 2 to 4 $/MMBTU, is lower than for conventional unfired NGCC 

for the range of capital costs and CO2 prices specified. However, at 6 $/MMBTU, the TRR 

of subcritical SSFCC is lower when the CO2 price is up to 38 $/tonne CO2. A comparison 

between subcritical and supercritical SSFCC configurations shows that improvements in 

power plant efficiency with supercritical steam conditions consistently result in a lower 

TRR.  

 
Figure 1.2. Schematic process flow diagram of the conventional natural gas combined cycle 

configuration with two GE 937 IFB gas turbines, two triple pressure HRSGs and one 

subcritical steam turbine 

Figure 1.3. Schematic process flow diagram of a supercritical sequential supplementary 

firing configuration with one GE 937 IFB/single pressure HRSG train combined cycle with a 

double reheat steam cycle 
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Although there is a reduction in the capital cost of SSFCC compared with unfired NGCC, 

which is important, there are a large biases and uncertainties related to the real capital cost. 

Consequently, further work is needed to include site specific considerations and detailed 

capital estimates beyond the work included in this thesis.  

The proposal has been identified in this thesis as an attractive alternative for the following 

specific conditions: 

1. Markets with access to competitive natural gas prices  

2. Where supply of CO2 for EOR is important 

3. Countries where the emphasis on capital cost reduction is important 

Although this alternative has been evaluated for Mexico, it can be applied in countries with 

similar characteristics to Mexico mainly with a cheap gas price as shown in Figure 1.4 and 

the potential for selling CO2 for EOR e.g. United States and Canada, where most of the EOR 

projects are located as indicated by the shaded rows in Table 1.2. 

In addition, it has been identified that supplementary firing is an alternative to be used in 

installation for cogeneration of heat and power with CO2 capture. In a cogeneration system, 

electricity and steam for the process are the important products and the control of the 

electricity and thermal output separately is very important, which is one of the main 

characteristic of post-GT firing (Kehlhofer et al., 2009). In 2016 the Mexican Ministry of 

Energy launched the new future prospective of the electricity sector 2015-2029 where 

cogeneration systems are included for the first time. Their participation in electricity 

generation is estimated to be 6.8% in 2029 (Mexican Ministry of Energy, 2015).  

Finally, further work related to capture ready for SSFCC is needed for new power plants. For 

existing HRSG it is necessary to identify how to retrofit it using sequential combustion. 
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Table 1.2 List of current and planned EOR projects (Leung et al, 2014) 

Project name Location 
Year of operation 

start 

Max. CO2 injection 

rate Mt/year 

Jilin oil field Jilin, China 
 

0.10 

Wayburn-Midale Saskatchewan, Canada 2000 2.20 

Paradox Basin Utah, USA 2005 0.14 

Salt Creek Wyoming, USA 2006 2.20 

Williston Basin North Dakota, USA 2011 1.00 

South Heart North Dakota, USA 2012 0.60 

Oologah Oklahoma, USA 2012 1.50 

Masdar 
Abu Dhabi, United Arab 

Emirates 
2012 1.70 

Hatfield Hatfield, UK 2013 6.50 

California (DF2) California, USA 2014 5.00 

Mongstad Mongstad, Norway 2014 1.50 

Traiblazer Texas, USA 2014 4.30 

Greengen China 2015 0.70 

Genesee 

(EPCOR) 
Alberta, Canada 2015 3.60 

Shaded lines indicate EOR projects in United State and Canada 

 

 

Figure 1.4 Global natural gas prices (Canadian Gas Association, 2016)  

Canada                        USA 
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2. Status of the electricity sector and CCS - CO2-EOR 

in Mexico 

2.1 Introduction 

The annual electricity demand in Mexico is predicted to grow by 56% from 301,462 to 

470,432 GWhe between 2014 and 2029 (Mexican Ministry of Energy, 2015). This rising 

demand for electricity is expected to be met by an increase in the use of both coal and gas 

with natural gas being the dominant energy source. The proportion of natural gas used in 

electricity generation in Mexico increased significantly from 17.1% (32.9 TWhe) in 2000 to 

50.4% (130.6 TWhe) in 2011 (Mexican Ministry of Energy, 2012). In this context of rapid 

electrification dominated by natural gas power plants, Mexico intends to effect a parallel 

reduction of “its greenhouse emissions by 50% below 2000 levels by 2050” (Veysey, J., et 

al, 2015; CTF/TFC, 2009). In 2012, the Mexican Congress approved the General Law on 

Climate Change to reduce greenhouse gas emissions. One of the strategies proposed in order 

to reach this objective is the application of carbon capture in fossil fuel power plants for the 

purpose of EOR in the oil industry, which relies on the availability of large amounts of CO2 

in the Gulf of Mexico (Mexican Ministry of Energy, 2012) between 2020 and 2050. 

According to Lacy et al, (2013), carbon capture projects for the purpose of EOR rather than 

for storage only is more likely to be developed in Mexico to reduce CO2 emissions. The 

main reason for this is the high cost of CCS technology. However, EOR projects could 

develop experience and infrastructure that would reduce the cost of the technology. In March 

2014, Mexico launched its carbon capture use and utilisation (CCUS) technological roadmap 

containing recommendations for actions be taken at the national level up until 2024 

(Mexican Ministry of Energy, 2014) focusing solely on EOR projects. The aim of this 

chapter is to provide an overview of the opportunities for deploying CCS and CO2-EOR in 

Mexico, describing the actions which have been taken and the plans for the future. 

Additionally, the potential for incorporating CCS and CO2-EOR into future power plants is 

outlined. An estimate is also provided for the CO2 emissions of new natural gas power 

plants.  

The two major energy companies in Mexico are state owned: The Mexican oil company, 

Petróleos Mexicanos (PEMEX), which was exclusively controlled by the State for more than 

75 years; and the utility company, Comisión Federal de Electricidad (CFE). However, on 
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December 12, 2013, Mexican legislators approved controversial reforms to the country’s 

energy sector to allow private investment. 

The content of this chapter is organised as follows: The question “Why CCS in natural gas 

power plants and CO2-EOR in Mexico?” is answered in section 2.2. A projection of 

electricity production and the use of natural gas, as well as the expected reservoir of shale 

gas in Mexico, are described briefly. In addition, future power plants are identified; the 

amount of CO2 and the distance from the emitter to the oil field are quantified. Section 2.3 

focusses on the current status of CO2-EOR in the two biggest energy companies in Mexico, 

the oil company PEMEX and the utility company CFE. Section 2.4 basically describes 

Mexico’s CCUS roadmap with details. Section 2.5 describes how the power plant operates in 

Mexico related to the electricity demand. Finally, a conclusion is reached in section 2.6. 

2.2 Why implement CCS in natural gas power plants and CO2-EOR in 

Mexico?  

CCS will be important for Mexico for three main reasons: a rapid growth of installed 

capacity is anticipated, natural gas is and will remain the dominant energy source in 2028, 

and the oil industry will require large amounts of CO2 for EOR.  

2.2.1 Growth in electricity production 

Electricity production is expected to grow from 62 GW in 2009 to 113.7 GW in 2028. Due to 

the expected discovery of large reserves of shale gas in Mexico (Federal commission of 

electricity, 2014) and North America, power generation with low capital costs, high 

efficiency, low CO2 emissions, good reliability, good flexibility and positive public 

perception leans towards using gas rather than coal (IEAGHG, 2012). Furthermore, the share 

of natural gas for power production is expected to increase from 36.8% in 2012 to 58.6% in 

2028, as can be seen in Figure 2.1. In 2028, new clean generation, which could include coal 

and gas with CCS and other renewable sources, will account for 11.5% and solar energy 

1.6%. Mexico has two alternative strategies for reducing CO2 emissions generated by new 

power plants (Mexican Ministry of Energy, 2012), whilst contributing to limiting cumulative 

global CO2 emissions:  

1. Limiting the use of fossil fuels (a reduction of 65% by 2026 compared to 2012 

levels) in the electricity sector. 

2. Introduce CCS in coal and natural gas power plants, represented in Figure 2.1 as new 

clean generation. 
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The information related to the Mexican plan on the energy sector is realised by the Mexican 

Ministry of Energy every year after being approved by the senate. 

Figure 2.1. Expected electricity generation in 2028 (Federal Commission of Electricity, 

2014, Aburto and Valdovinos, 2014) 

2.2.2 Natural gas the dominant energy source 

The use of natural gas would continue after 2028, given the expectation of large shale gas 

reserves in Mexico. Figure 2.2 shows the different areas where shale gas reserves are 

located.  

 

Figure 2.2. Location of Shale gas in Mexico (Mexican Ministry of Energy, 2012; after 

Gonzalez-Santaló, 2013) 
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Although a significant reduction in oil production is expected in Mexico, shale gas could 

supply the demand for natural gas currently covered by the Cantarell and Burgos reservoirs. 

The use of shale gas could begin in 2016, as shown in Figure 2.3, and would reach its peak 

in 2026. Shale gas is expected to consist of around 600 trillion cubic feet, which means that 

Mexico is ranked 6th in the world in terms of the size of its deposits (Oil price, 2014). This is 

the main reason for believing that the cheap gas price in Mexico will continue after 2028 as 

shown in Figure 2.4.  

 

Figure 2.3. Scenarios of natural gas production 2012-2026 (Millions cubic feet per day) 

(Ministry of Energy, 2012) 

2.2.3 CCS and CO2-EOR Potential in Mexico 

Gulf of Mexico: The region for EOR project 

Production from oil sites which are becoming depleted or less productive through traditional 

extraction methods could be extended by the injection of CO2 for enhanced oil recovery 

(EOR). CO2 injection for EOR (CO2-EOR) into depleted oil fields improves hydrocarbon 

flow and recovery rates. Lacy et al. (2013) identified industrial and power plants with CO2 

emissions above 0.5 million tonne/year located within 80 km of oil fields in the Chicontepec 

and Cinco Presidentes regions, as well as a demand for up to 50 million tonne of CO2 per 

year for EOR in the Gulf of Mexico from the largest oil fields which are candidates for EOR 

shown in Figure 2.5. This region is the largest emitter of CO2, at around 20.1 million tons of 

CO2 per year as shown in Figure 2.6 (Lacy et al, 2013).  
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Figure 2.4. a) International gas price scenario 2016 with respect to Mexico (Dollars per million BTU) (Regulatory Commission of Energy, 2016) 
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Figure 2.4. b) Gas price scenario 2016-2018 for PEMEX and NYMEX natural gas (Dollars per million BTU) (Regulatory Commission of Energy, 

2016) 

 

 



Chapter 2  
 

17 

 

Figure 2.5. Location of the main oil reservoirs for EOR in the Gulf of Mexico region (Lacy 

et al., 2013) 

 

Figure 2.6. Location of the main industrial CO2 sources in the Gulf of Mexico region (Lacy 

et al, 2013) 
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Regions for CO2 storage 

Davila et al, 2010, presented a preliminary study on the geological carbon storage 

possibilities in Mexico. The country is split up into seven zones based on their 

characteristics, i.e. the seismic, volcanic and tectonic hazards in combination with the 

surface geology and lithology. This work has been included in 2012 version of the North 

America Atlas for CCS. 

The North American Carbon Storage Atlas 2012 divided Mexico into the two zones shown 

in Figure 2.7: the exclusion zone (red colour), which is characterised by volcanic igneous 

rock and is not recommended for CO2 storage; and the inclusion zone (green colour), which 

is characterised as being a stable area and may be suitable for CO2 storage in saline 

formations deeper than 800 metres. This zone is made up of the 11 regions shown in Figure 

2.8. Regions 4, 5, 6, and 7 are located close to oil fields. This makes them suitable for 

simultaneous development of CCS and CO2-EOR. A CO2-EOR project could develop 

infrastructure and experience for deploying CCS in the future in order to reach the Mexican 

mitigation target. As a result, CO2-EOR may provide two benefits: an increase in Mexico’s 

oil production and a reduction in future GHG emissions (Lacy et al., 2013). 

 

 

Figure 2.7. North American Carbon Storage Atlas 2012 (North American Carbon Atlas 

Partnership, 2012). Green - inclusion zone, red - exclusion zone 
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Figure 2.8. Suitable zones for CO2 storage with good characteristics for retaining CO2 

underground and safe storage (North American Carbon Atlas Partnership, 2012; Aburto and 

Valdovinos, 2014) 

2.2.4 Future new power plants suitable for CCS and CO2-EOR  

Although Lacy et al. (2013) identified the main existing industrial plants and power plants 

which emit CO2 in the Gulf of Mexico, there was no indication of the CO2 emissions for new 

power plants. In this chapter, therefore, future power plant projects are identified in order to 

define which of them are suitable for incorporating the carbon capture process, which of 

them are candidates for capture ready and which of them for retrofit and repowering, how far 

away from oil fields these power plants will be located, and how much CO2 will be 

generated.  

Before identifying the new power plants suitable for CCS and CO2-EOR from 2013-2028, 

definition of capture ready and retrofit is given: 

Capture ready 

A capture ready power plant is one that has been designed and built for incorporation with CCS 

technology in future (IEAGHG, 2007). This action leads to a reduction of capital cost when 

CCS is incorporated in a power plant in the future, as well as the operating cost and a reduction 

in the energy penalty. Some of the most Important requirements in capture-ready are listed 

below (Jockenhövel, et al, 2009; Sinclair Knight Merz, 2009, Scottish power, 2009):  
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1. Sufficient space for the capture plant including CO2 compressor, CO2 compressor 

intercoolers and drying, and flue gas pre-treatment 

2. Enough space for steam turbine for future modifications for the same turbine or for 

adapting a new steam turbine. 

3. Space for routing the flue gas duct to the CO2 capture equipment 

4. Additional space for vehicle movement (amine transport etc.) 

5. Additional space allocation for storage and handling of amines and CO2 

6. Routing of large piping 

7. Readiness of the flue gas system for incorporation of an additional or modified blower, 

additional or enlarged desulfurization plant and tie-in for the capture plant  

8. Possibility of extending the cooling system for additional waste heat loads and 

preparation for additional circulating water pumps  

9. Preparation of electric auxiliary power supply and cable routing for the capture plant 

10. Preparation for additional water consumption and treatment/demineralization as well as 

provisions for waste water disposal 

11. Steam extraction for regenerating the solvent 

Retrofit 

In the case of existing power plants, modification will be needed for incorporating CO2 

capture. There are two important actions that have to have evaluated for existing power plant 

before incorporated carbon capture:  

1. Retrofit  

2. Repowering  

The first action is related to some modification in the power plant in order to make suitable 

for incorporating CCS such as modification for steam extraction in the crossover and in the 

LP steam turbine. When carbon capture is incorporated in an existing power plant, the power 

output decreases due to the steam extraction to regenerate the amine and for CO2 

compression. Therefore, repowering is necessary to increase the power output at the original 

capacity. 

The constructions of the new power plants from 2013 to 2028 are divided in four stages 

(Federal Commission of Electricity, 2014; Aburto and Valdovinos, 2014): 

First stage 

The first stage covers new power plants built by the Mexican state-owned electricity utility, 

Federal commission of electricity (CFE) for public service, which construction began in 
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2013. The total expected power generation of these new public service power plants is 3,522 

MW, with 2,455 MW of capacity by NGCC and open cycle gas turbines (OCGT). Two units 

of 404 MW and 445 MW are located in the inclusion zone as shown in Figure 2.9. As their 

construction began in 2013, it is clear that no actions relating to CCUS readiness were 

considered. Therefore, it is unclear whether they could be retrofitted. The location of these 

two plants is 900 km from the oil fields candidates for EOR. If they were retrofitted with 

CCS, then it is clear that they would send their carbon dioxide to geological storage in non-

hydrocarbon reservoirs for purely climate change purpose. 

 

Figure 2.9. Location of the new 3,522 MW power generation projects for public service, 

construction started in 2013 (Federal Commission of Electricity, 2014; Aburto and 

Valdovinos, 2014) 

Second stage 

The second stage covers the power plants which construction began from 2014 to 2015. The 

total power expected for these new public service projects approved by the Mexican 

Government is 9,679 MW, with NGCC and OCGT together accounting for 7,369 MW. Two 

units are located within the inclusion zones shown in Figure 2.10. Likewise, projects 

included in this period were not considered for CCUS readiness as their construction started 

in 2014-2015, before the start of a National CCUS strategy in 2015. The Noreste CCGT 
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power plant, with a capacity of 1,034 MW is located approximately 100 km from the oil 

field Burgos and could be a potential candidate for a retrofit with CCS and with CO2 

injection for EOR. 

 

Figure 2.10. Location of the 9,679 MW of new power generation projects to cover the 

demand for public service from 2014 to 2015 approved by the Mexican Government 

(Federal Commission of Electricity, 2014; Aburto and Valdovinos, 2014) 
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Figure 2.11. Location of the 14,795 MW of new power generation projects to cover the 

demand for public service from 2016 to 2022 (Federal Commission of Electricity, 2014; 

Aburto and Valdovinos, 2014) 

Fourth stage  

Finally, the fourth stage of capacity addition covers the power plants expected to start from 

2023 to 2028 illustrated in Figure 2.12. The majority of the new power generation projects 

would be built during this period. These new power plants would have a total capacity of 

26,955 MW of electricity demand for public service. NGCC capacity is expected to account 

for 11,107 MW. In this stage 13 GW of capacity would be provided by new clean generation 

alternatives, such as coal and NGCC with CO2 capture.   

Six new units are identified with the potential to incorporate CO2 capture, mainly because 

they would be located within the inclusion zone for storage or CO2-EOR. Furthermore, there 

is sufficient time to prepare these natural gas power stations for CCUS readiness, and in 

particular, Oriental l, II, III, IV, IX Y X NGCC and Tamazunchale II y III power plants, 

which are located less than 70 km from an oil field as shown in Figure 2.12. 
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Figure 2.12. Location of the 26,955 MW of new power generation projects to cover the 

demand for public service from 2023 to 2028 (Federal Commission of Electricity, 2014; 

Aburto and Valdovinos 2014) 

Table 2.1 reports the amount of CO2 which would be produced only by the new NGCC 

projects located inside the inclusion zone for CCS, with most of them close to oil fields for 

EOR. It also identifies which plants could be candidate for a CCS retrofit or be made CCUS 

ready. The amount of CO2 is calculated based on the report by the International Energy 

Agency Greenhouse Gas R&D Programme (IEAGHG, 2012) and (IEAGHG, 2011) 

considering a Load factor for new plant of 80%. A 910 MW net power NGCC produces 320 

tonnes CO2/hr; and an 800MW net power coal power plant produces 660 tonnes CO2/hr. 

This value was used to extrapolate CO2 production at different power capacities. Information 

reported in shaded rows represents new clean generation identified by the Federal 

Commission of Electricity (CFE), and includes NGCC and coal power plants with CCS. It is 

possible that all of these new projects would be NGCC power plants taking into account 

current natural gas prices and the availability of shale gas in North America. Some of these 

plants may well be developed as coal-fired projects if the economics of gas/coal were to 

change. In total, 47.7 million tonnes CO2 / year (assuming that all thermal capacity as gas-

fired) would be generated solely by new projects located in the inclusion zone, with 90% of 

the CO2 generated by these power plants would be abated at the point of emission if CO2 

capture process is incorporated.   

Total: 26,955 MW

Hydroelectric

Combined cycle

New clean
generation

Total

MW 

1,180

11,013

12,775

26,955 

Wind energy 1,200

Open cycle GT 94

Noroeste II y IV
(2X1400 MW)

Valladolid V
(542 MW)

Baja California VI       
(Ensenada)

Pacífico II y III
(1x700 MW)

Oriental l, II, III, IV, IX Y X
(3x1225 MW)

(565 MW)

Salamanca II
(680 MW)

Mérida V
(540 MW)

Norte VI y VII (Chih.)
(2x968 MW)

Valle de México III
(601 MW)

Tenosique
(422 MW)

Central II (Tula)
(1,162 MW)

Baja California V (Mexicali)
(522  MW)

Todos Santos  II
(123 MW)

Sistema Pescados (La Antigua)
(121 MW)

Xúchiles (54 MW)

La Paz II
(117 MW)

Tamazunchale II y III
(2x1,121MW)

Omitlán
(231 MW)

Madera (352 MW)

Todos Santos III
(123 MW)

Occidental  I y II
(1400MW)

Los Cabos II TG
(94 MW)

Cd. Constitución

(137 MW)

Eólica III, VI,

(4X200 MW)

Santa Rosalía III 
(11 MW)

Solar 600

Solar  V
(100 MW)

Geothermal 81

Cerritos Colorados Fase III
(27 MW)

Sabinas I y II
(2X700 MW)

Eólica IV
(200 MW)

Solar  VI
(100 MW)

San Luis Potosi II
(862 MW)

Eólica V
(200 MW)

Geotermoeléctrica I y II

(2X27 MW)

Solar  VII
(100 MW)

(1x1400 MW)

Solar  VIII
(100 MW)

Solar  X
(100 MW)

Aguascalientes II
(872MW)

VII y VIII

Internal combustion 11

Oriental V y VI
(1400 MW)

Solar  IX
(100 MW)



Chapter 2  
 

25 

Table 2.1. CO2 emitted by new natural gas power plants located between the inclusion zone 

suitable for CCS and CO2-EOR 

Power plant Type Unit 
Capacity 

MW 

CO2  million 

tonne/year2 
  

Projects to supply electricity demand from 2013 

Agua Prieta II NGCC 1 404 0.97 Retrofit 

Norte II NGCC 1 445 1.07 Retrofit 

Projects to supply electricity demand from 2014-2015 

Norte III (Juarez) NGCC 1 954 2.4 Retrofit 

Noreste (Escobedo) NGCC 1 1034 2.5 Retrofit 

Lerdo Norte NGCC 1 990 2.4 Retrofit 

Projects to supply electricity demand from 2016-2022 

Monterrey NGCC 1 1088 2.7 Retrofit/capture ready 

Valladolid IV NGCC 1 542 1.3 Retrofit/capture ready 

Cancun OCGT 1 169 0.4 Retrofit/capture ready 

Merida NGCC 1 526 1.3 Retrofit/capture ready 

Merida TG OCGT 1 169 0.4 Retrofit/capture ready 

Projects to supply electricity demand from 2023-2028 

Noroeste II and IV 
Coal or  

NGCC 
2 2800 

16.2 (coal) 

6.9 (gas) 
capture ready 

Sabinas I and II 
Coal or  

NGCC 
2 1400 

8.1 (coal) 

3.5 (gas) 
capture ready 

Tamazunchale II and III NGCC 2 2242 5.5 capture ready 

Oriental I, II, III, IV, IX, and X 
Coal or  

NGCC 
3 3675 

21.2 (coal) 

9.1 (gas) 
capture ready 

Norte VI and VII (Chihuahua) NGCC 2 1936 4.7 capture ready 

Merida V NGCC 1 540 1.3 capture ready 

Valladolid V NGCC 1 542 1.3 capture ready 

Total1   23 19,607 47.7   
1New clean generation is considered only as NGCC power plants to show an average amount of CO2 

emitted (shaded lines) 
2Unabated CO2 emissions 

The next step of this analysis is to address, at this early stage in the deployment of CCUS in 

Mexico, is whether the potential capacity of electricity with CCS of the power plants 

identified in the previous section - all located inside the inclusion zone of Figures 2.10, 2.11, 

and 2.12 – matches the contribution that CCS power plants are expected to make for Mexico 

to meet its CO2 emission target, estimated to be of the order of 13 GW of CCS power 

generation in Figure 2.1.  

If the capacity in the inclusion zone is lower than 13 GW, then power plants located in the 

exclusion zone would have to be considered for incorporating CO2 capture or converted to 

renewable energy generation. The optimum configurations for CCUS readiness of new 

plants, the retrofit and/or repowering of non-CCUS ready existing unit plants would have to 

be defined in future work and is outside the scope of this analysis. Table 2.2 indicates new 

power plants located within a distance of less than 100 km from oil fields in the Gulf of 

Mexico. Capturing 90% of the CO2 emitted by these stations would amount to approx. 17.8 

million tonnes / year, which can be supplied for EOR. The remaining of the CO2 emissions 
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generated by the power plants located further away from these oil fields could then be 

connected to existing EOR projects in a second phase, or implement geological storage in 

non-hydrocarbon reservoirs located in the inclusion zone. Effectively, the power plants 

reported in Table 2.2 could be considered as priority CCS-EOR projects as they will provide 

economic benefits from additional oil production and would provide experience and 

infrastructure for future CO2 storage. Lacy et (2013) identified 20.1 million tonne CO2 / year, 

emitted for existing power plants, industries, and refineries as potential primary sources, 

which, if added to the 49.9 million tonne / year from new NGCC power plants, could be used 

for EOR projects. It would then be possible to match the demand for CO2 for EOR in oil 

fields in the Gulf of Mexico, estimated to be approximately 50 million tonne of CO2 per year 

reported by Lacy et al, (2013). The remaining 28 million tonne/year would supply CO2 for 

geological storage in non-hydrocarbon reservoirs. 

Table 2.2. CO2 emitted by new natural gas power plants located between the inclusion zones 

suitable CO2-EOR at less than 100 km from the oil field 

Power plant Type Unit 
Capacity 

(MW) 

Approximately 

Distant from the 

oil field (km) 

CO2
1 

(Million 

tonne/year) 

 

Noreste 

(Escobedo) 
NGCC 1 1034 100 2.5 Retrofit 

Monterrey NGCC 1 1088 100 2.7 
Retrofit/capture 

ready 

Tamazunchale NGCC 2 2242 70 5.5 capture ready 

Oriental I, II, 

III, IV, IX, and 

X1 

NGCC 3 3675 >70 9.1 capture ready 

Total CO2 emissions  8,039  19.8 capture ready 
1Unabated CO2 emissions 

2.2.5 Current status of CO2-EOR in PEMEX-CFE 

Since 2008, Mexico has taken several actions to reduce greenhouse gas emissions, as 

summarised below. Although Mexico is not part of the Kyoto protocol, it intends to reduce 

its greenhouse gas emissions voluntarily. The first action was taken in 2009, when the Mario 

Molina Centre and Electrical Research Institute were contracted by CFE to conduct 

preliminary studies for a demonstration CO2 capture plant in a coal power plant. In the 

meantime, PEMEX launched a pilot test of CO2 continuous injection in the Coyotes field in 

2010 (Rodriguez De la Garza, 2014). Following positive results in this pilot plant, the 

Mexican Congress approved the General Law on Climate Change in 2012. One of its 

strategies for reaching its objective of reducing greenhouse gas emissions is the application 

of CCS in fossil fuel power plants and CO2 for EOR.  
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2.3 Future plans for CCUS 

According to the Mexican Ministry of Energy (2014), Aburto and Valdovinos (2014) and the 

Mexican Ministry of Environment and Natural Resources (2014), Mexico will take several 

actions in the near and long term related to climate change and specific to CCS and CO2-

EOR. Most of them are outlined in the Mexican CCUS Technology Roadmap. In March 

2014, Mexico launched its Roadmap for CCUS-EOR and its implementation began later in 

2014 (Mexican Ministry of Energy, 2014). Actions to be taken in chronological order are as 

follows: incubation, public policy, planning, a pilot and demonstration scale projects in the 

oil industry, pilot and demonstration scale projects in power plants, and commercial scale 

projects (Mexican Ministry of Energy, 2014). The first two steps are related to creating 

agreements, a new regulatory framework for CCUS projects, and resources for training 

people, etc. The activities in this stage are described in chronological order in Table 2.3.  

Table 2.3. Public policy action taken from 2014-2024 (Mexican Ministry of Energy, 2014) 

 

Planning activities described in Table 2.4 are related to a group of actions which the oil 

industry and the electricity industry need to develop jointly, basically because they need to 

share information related to EOR, storage capacity, and CO2 emissions by power plants. 

Most of them were developed during 2014 as described in Table 2.4.  

As can be seen, the activities are focused on EOR projects. However, the location of deep 

saline aquifers as an option for storage of unmarketable CO2 has already been identified, but 

must be assessed by CFE and PEMEX. 

2014 2015 2016 2017 2018 2019 2020 -------------- 2024

Creation of Mexican CCUS research centre

Capacity building

Legally binding observation 

Regulatory framework adjustments

Additional international financing, funding mechanisms, carbon markets

Dissemination of technology implementation plant

Link with stakeholders

Policy to encourage the private sector

Implementation plant for national CO2 transport network

National policy of CCUS READY
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Table 2.4. Planning activities taken from 2014-2024 (Mexican Ministry of Energy, 2014) 

 

Table 2.5 describes actions related to the pilot and demonstration plants before, during and 

after their construction in chronological order. The PEMEX CCUS-EOR project funded by 

the Mexican Government began in 2015 and will finish in 2018. It consists of designing and 

implementing a CO2-EOR pilot test at the Cinco Presidentes field (see Figure 2.5) by using 

the high purity CO2 to be captured in the ammonia plants in the Cosoleacaque Petrochemical 

Centre (Rodriguez De La Garza, 2014). The plan is for a full-scale CO2-EOR 

implementation to be located in the same petrochemical centre as the pilot plant, increasing 

the capacity by about 80 MMSCFD in order to allow for the elimination of current CO2 

emissions from this petrochemical plant. It is expected that 60-70% of the injected CO2 

could remain sequestered in the reservoir (Rodriguez De La Garza, 2014). 

Table 2.5. Pilot and demonstration scale projects in oil industry activities taken from 2014-

2024 (Mexican Ministry of Energy, 2014) 

 

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Estimation of storage capacity

Potential fields analysis, selection and prioritization

CO2 - EOR strategy

Capture and storage plan from power plant

CO2 - EOR plan

CO2 use and supply 
strategy

Use and supply 
review

Use and supply 
review

Use and supply 
review

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

ENHANCED OIL RECOVERY - PILOT

ENHANCED OIL RECOVERY - DEMOSTRATION / COMMERCIAL

Site selection for first pilot test

Laboratory analiysis / first pilot

Test design / first pilot

First pilot 
Continue activities of pilot test according to 
the EOR -CO2 plantMonitoring, reporting 

verification (MRV) / first Evaluatio

CCS-EOR scaling plant

CCS-EOR research

Field scale design

Execution

Operations from 
commercial plant

Operations, MRV 
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The following actions are related to pilot and demonstration scale projects in power plants. 

As can be seen in Table 2.6, when evaluating power plants, the integration of capture 

readiness for new power plants was not considered. A CO2-ready design would avoid such 

risks and allow greater flexibility in the degree and timing of CCS deployment (Roadmap for 

Carbon Capture and Storage demonstration and deployment in the Republic of China, 2015). 

This could be useful for creating a technology roadmap for the design of newly built NGCC 

power plants and their operating requirements for EOR and to reduce CO2 emissions. This 

action should be taken in parallel with the pilot project and should start in 2016 and not in 

2018. The CCS roadmap focuses on the capture plant, and different solvents will be tested in 

the pilot plant and used in the demonstration project. Activities are described in Table 2.6 in 

chronological order. The capacities of the pilot plants according to Aburto and Valdovinos 

(2014) and the Mexican road map (Mexican Ministry of Energy, 2014) are:  

1. 50 MW pilot plant to provide 5 MMSCFD of CO2 for an EOR project funded by the 

Mexican Government 

2. 250 MW demonstration plant to provide 25 MMSCFD CO2 for an EOR project in a 

large reservoir funded by the Mexican Government  

3. 2 MW pilot plant in Poza Rica, Veracruz funded by the Mexican Government – 

World Bank 

Table 2.6. Pilot and demonstration scale projects in power plant activities taken from 2014-

2024 (Mexican Ministry of Energy, 2014) 

 

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

POWER PLANTS - PILOT PROJECT

POWER PLANTS - DEMOSTRATION PROJECT

Site selection for coal and natural gas plants

Selection of capture technology

Feasibility and design studies

Operation and data obtainment for scaling

Commissioning

Tender

Construction and commissioning

Closure and decommissioning

Feasibility and design studies
Tender

Environmental studies and 
licenses

Plant and pipes construction

Injection site characterization

Public communication 
and involvement

Injection test, monitoring 

Site selection for coal and natural gas plants

Selection of capture technology

Feasibility and design studies

Operation and data obtainment for scaling

Commissioning

Tender

Construction and commissioning

Closure and decommissioning

Feasibility and design studies
Tender

Environmental studies and 
licenses

Plant and pipes construction

Injection site characterization

Public communication 
and involvement

Injection test, monitoring 
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The final activities of the Mexican CCUS roadmap are described in Table 2.7. These 

comprise the final decisions relating to the selected CCS technology. 

Table 2.7. Commercial scale activities taken from 2014-2024 (Mexican Ministry of Energy, 

2014) 

 

2.4 Variation in electricity demand in Mexico 

Although the most efficient way to operate a power plant is at maximum possible output 

most of the time (called baseload plants), this does not happen to all power plants.  Weather 

conditions, seasonal, daily and hourly, weekdays and weekend days cause variations in 

electricity demand that means to change their power output.  

In the north of Mexico, the demand is higher due to the extreme variation in the temperature. 

In summer it reaches 40°C approximately, the weather is hot and there is a high demand for 

air conditioning, and in winter the temperature reaches in some cases 0°C which increases 

the demand for heaters, calefaction, and the use of hot water. In the south, there is no 

significant variation between the summer and winter.  

In the following Figures 2.13 and 2.14 are shown the demand of electricity in a normal 

working day and in a holiday during the winter and summer seasons. This information 

confirms that any alternative for Mexico has to be evaluated at part-load in order to 

demonstrate its flexibility as in a NGCC. 

 

 

 

2017 2018 2019 2020 2021 2022 2023 2024

Identification of priority capture plants

CO2 pipelines feasability analysis

CO2 transport network construction

Construction and commercial operation of 
CCS and CCS-EOR

CO2 commercialization

MRV



Chapter 2  
 

31 

 

 

Figure 2.13. Variation of hourly electricity loads in the north of Mexico in summer and 

winter as well as for every season working and non-working days in 2011 (Mexican Ministry 

of Energy, 2012) 

 

 

Figure 2.14. Variation of hourly electricity loads in the south of Mexico in summer and 

winter as well as for every season on working and non-working days (Mexican Ministry of 

Energy, 2012) 

 

 

__ winter bank holiday __ summer bank holiday 

__ winter working day   __ summer working day 

 

 

__ winter bank holiday __ summer bank holiday 

__ winter working day   __ summer working day 

hour during the day 

hour during the day 
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2.5 Conclusion 

Natural gas is expected to be the dominant source of energy in Mexico beyond 2028 because 

of the shale gas reservoir in Mexico and North America and the cheap gas price. CCS in 

NGCC power plants will be needed due to the large share of this technology in power 

generation. New power plants are expected to emit around 50 million tonnes CO2 / year.  

It is expected that the oil industry will require large amounts of CO2 for EOR in the oil fields 

located in the Gulf of Mexico region which is the largest emitters of CO2. Geological storage 

sites for injecting CO2 are close to the new power plants, less than 100 km away.  

EOR is one on the main drivers of CCS in Mexico, as it provides a positive immediate 

economic benefit, as well as helping to mitigate long-term environmental impacts and create 

infrastructure and experience for CO2 storage. Mexico will need to take advantage of the 

opportunities for CO2 storage if it wishes to reach its mitigation target in 2050. 

Based on experience around the world using amine solvent, Mexico is developing experience 

in this area according to Mexico’s roadmap for CCUS, and it is expected to continue to do so 

in the future. The technology and alternatives suggested for Mexico should be focused on 

amine-based post-combustion CO2 capture.  

CCS-ready design for new power plants is important to complement the Mexican roadmap. 

It is important to include these, as they would avoid risks and allow greater flexibility for 

future power plants with CO2 capture. In terms of operation of the future power plant 

combined cycle, because of the variations of electricity demand in Mexico, any novel 

alternative proposed in this thesis has to be evaluated at part-load. 
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3. Post-combustion capture in natural gas power 

plant 

3.1 Introduction 

This chapter is focused on post-combustion capture technology in natural gas combined 

cycles.  Currently, it is the first commercialised technology for CO2 capture from a power 

plant e.g. Boundary Dam project. It is the most commercially advanced method as a result of 

considerable industrial experience with similar processes in, for example, natural gas 

sweetening plants. It can be applied in an existing power plant (retrofit) without requiring 

excessive modifications as well as in a new power plant with substantial cost reduction 

(Herzog et al, 2009).  

In short term, actions described in Mexico’s CCUS roadmap are focused on solvent 

absorption technologies linked to natural gas combined cycle plants. A CCS pilot plant and a 

quasi-commercial post-combustion capture plant facility are planned to be built in 2016 in 

order to prepare for the introduction of CCS and to train people in the electricity sector 

(Mexican Ministry of Energy, 2014). Taking advantage of the knowledge gained during this 

process, it is important to focus on solvent absorption technologies in this thesis. 

However, the incorporation of post-combustion carbon capture in a natural gas power plant 

has three main challenges when compared with coal power plants; these engineering 

challenges may have impacts on the capital and operational costs: 

1. CO2 concentration in the exhaust gases. A low concentration of CO2 in the exhaust 

gases affects the electricity output penalty of capture because of the lower driving 

force for CO2 absorption and the associated increase in the absorber size and the 

solvent energy of regeneration (e.g. Hellat and Hoffmann 2016; National Energy 

Technology Laboratory, 2013; Li, et al, 2012; Merkel et al., 2012; IEAGHG, 2012; 

Aboudheir and ElMoudir, 2009). Typical CO2 concentrations in the exhaust gases 

are approximately 10-15% in a coal power plant and 3-4% in a gas turbine.  

2. O2 concentration: large amounts of excess air are necessary for gas turbine operation, 

typically 200% - 500%, which result in high O2 concentration in gas turbine exhaust 

composition, around 15% v/v, increasing solvent oxidative degradation and 

operational costs (e.g. Goff and Rochelle, 2004).  
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3. Large exhaust gas volumes overall lead to higher capital costs. Gas turbines use 

large excess of air in order to maintain stable the temperature of the exhaust gas 

In the next sections of this chapter an in-depth literature review related to alternatives to 

solve these three main challenges is given, including the main important parameters affected 

when these alternatives are applied in a NGCC. A comparison of alternatives including the 

novelty proposed in this thesis, “sequential supplementary firing”, is analysed. After that, a 

literature review related to the design and operation at part-load conditions of the CO2 

capture plant and compressor system is included in this chapter in order to select the 

optimum alternative.  

3.2 Literature review on novel alternatives in natural gas 

power plants to enhance CO2 concentration, reduce O2, 

and reduce exhaust gas volume 

A typical NGCC integrated with carbon capture plant and compressor is described in Figure 

3.1. The exhaust gas leaving the HRSG enters the capture plant. The CO2 capture plant using 

monoethanolamine (MEA) includes an absorber and stripper. The combustion gases are 

cooled down before entering the absorber in the direct contact cooler (DCC) to around 40-

45 °C. The chemical absorption process is exothermic, and as such the process favours as 

low a flue gas temperature as possible at the inlet to the absorber (IEAGHG, 2012). The 

solvent MEA, which is vaporised in the absorber and goes with the clean flue gas, is 

captured by water-wash section located in the top of the absorber and is sent back to the 

lower section of the absorber. The CO2 is absorbed by the aqueous MEA solution. The 

purified gas passes up through the water wash section, and is then emitted to the atmosphere 

through the stack. The solvent enriched with CO2 is pumped to a heat exchanger where it is 

preheated by the hot lean solution which has left the bottom of the stripper. The preheated 

rich solvent is then sent to the stripper where the CO2 and MEA solution are separated using 

thermal energy added by condensing steam. The steam is typically extracted from the 

crossover pipe between the intermediate pressure (IP) and the low pressure (LP) turbines of 

the steam cycle. The saturated CO2 leaves the top of the stripper and enters the condenser. 

The condensed water is then returned to the stripper and the CO2 is sent to the compression 

system. It has been verified that the thermal energy input required in the reboiler to 

regenerate the solvent is sensitive to the CO2 concentration of exhaust gas as shown in 

Figure 3.2 (Hellat and Hoffmann, 2016; National Energy Technology Laboratory, 2013; Li, 

et al, 2012; IEAGHG, 2012; Aboudheir and ElMoudir, 2009; Evulet et al, 2009).  
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Figure 3.1.  Natural gas combined cycle with CO2 capture plant and compression unit (Sanchez-Fernandez, 2015) 
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Different concepts for NGCC power plants integrated with the CO2 capture process have 

been investigated in order to enhance CO2 concentration in exhaust gas and to reduce O2 

concentration such as:  

1. NGCC with exhaust gas recirculation (EGR) (Hellat and Hoffmann, 2016; National 

Energy Technology Laboratory, 2013; IEAGHG, 2012; Merkel et al., 2012; 

Aboudheir and ElMoudir, 2009; Evulet et al, 2009; Bowman et al, 2008; ElKady, 

2008; Bolland and Sæther, 1992; Bolland and Mathieu, 1998) 

2. Selective exhaust gas recirculation: series and parallel membrane / solvent hybrid 

capture system (Voleno et al, 2014; Swisher and Bhown, 2014; Merkel et al., 2012) 

3. Sequential gas turbine combustion (Asen and Eimer, 2008) 

4. Humidification (Li et al, 2011; Li et al, 2009; Takahashi, 2007; Yari and Sarabch, 

2005; Hatamiya et al, 2004; Hatamiya et al, 2003; Lindquist et al, 2002, Lindquist et 

al, 2000; Thern et al, 2003, Agren et al, 2000) 

5. Supplementary firing (Biliyok and Yeung, 2013; Li et al., 2012; Kehlhofer, et al, 

2009; Wylie, 2004) 

In the first three alternatives the main modification occurs in the gas turbine; in the fourth, 

the gas and steam cycle are modified; and in the fifth only the HRSG.  

 

Figure 3.2.  Minimum energy per ton of CO2 captured as a function of CO2 concentration in 

a flue gas stream (Merkel et al., 2012)  

3.2.1 Natural gas combined cycle with exhaust gas recirculation (EGR) 

EGR consists of returning a fraction of the flue gas to the inlet of the gas turbine air 

compressor and replacing some of the air going to the combustor. The main reason for 

http://www.google.com.gh/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Michael+John+Bowman%22
http://www.google.com.ar/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Shigeo+Hatamiya%22
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recirculating a fraction of the exhaust gas is to increase the concentration of CO2 and reduce 

the volumetric flow (Markel and Wei, 1998; Li et al, 2012). However, the percentage of 

recirculation is limited by the combustor. There are important parameters in the design of 

combustors such the inlet temperature, velocity, turbulence, and resident time that are based 

on 21 mol% of O2 (Li, et al, 2012 Ditaranto et al, 2009). In the situation of low concentration 

of O2, these parameters are affected. With EGR, the concentration of O2 in the combustion 

air is reduced. Experiments suggest that using a combustor designed at 21 mol% O2, up to 16 

mol% the flame is stable. Concentration of O2 below 16 mol% would be possible with 

modifications of existing combustor. With EGR, the presence of CO2 in the combustion air 

affects the combustion since it has higher heat specific capacity than the O2. The specific 

heat capacity of O2 at 650K is 1.017 kJ/kg K and of CO2 at the same temperature is 1.102 

kJ/kg K. Therefore, the CO2 absorbers more heat resulting in lower combustion temperature 

which affects the efficiency of the power plant.  

The exhaust gas is cooled before being put back into the gas turbine. A process diagram is 

shown in Figure 3.3. 

 

Figure 3.3. Schematic of a natural gas combined cycle with exhaust gas recirculation  

Li et al. (2012) reported that with 50% EGR, the energy consumption in the reboiler could be 

reduced by 8.1% points increasing the efficiency of the cycle by 0.4% points. At that 

condition, the CAPEX for the absorber could also be reduced 21%. In addition, CO2 
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concentration could increase from 3.8 mol% to 7.8 mol% (wet) and O2 could reduce from 

12.2 mol% to 4.8 %mol. Nonetheless, at 50% EGR the oxygen concentration after mixing 

with air and before entering the combustor is reduced from 21 mol% to 12.5 mol%.  

Li et al (2012) concluded that 35% EGR would be the maximum to maintain 16 mol% of O2 

in the combustor. As shown in Figure 3.4.a, the CO2 concentration in the flue gas increases 

as the EGR ratio increases. However, the O2 concentration in the combustor is reduced as 

shown in Figure 3.4. b. At 35% EGR the O2 after mixed with EGR is 16 mol%. Most of the 

combustors are design to use air, which contains 21 mol% O2 for the combustion (Li, et al, 

2012) and without the presence of CO2.  

 

 

Figure 3.4. CO2 concentration and mass flow of the exhaust gas going into absorber at 

different EGR ratios and O2 concentration before/after mixing with EGR at different EGR 

ratio (Li et al, 2011) 

Experiments in a General Electric combustion turbine have confirmed that exhaust gas 

recycling up to 30% of the total flue gas is possible. Based on bench-scale testing, when the 

a) CO2 concentration in exhaust gas

b) O2 concentration in after mixed with EGR
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O2 concentration was reduced to 17.7 mol%, the flame was stable, suggesting this level 

could be achieved without any major modification of the combined cycle plant equipment 

(Evulet et al., 2009; Bolland and Saether, 1992).  

National Energy Technology Laboratory (2010) concluded that post-combustion capture 

with amine absorption using 35% EGR was the lowest cost of CO2 capture option when 

compared to:  

1. Conventional NGCC with post-combustion capture using MEA 

2. Natural gas reforming combined with pre-combustion CO2 capture  

3. Oxy-combustion of natural gas. In this alternative EGR was replaced with CO2 

recycle. O2 from the ASU, CO2 recycle, and natural gas enter to the combustor 

National Energy Technology Laboratory (2013) reported that 35% EGR improves the 

efficiency by approximately 0.3 % and reduces the cost of electricity by 3 % compared with 

a conventional NGCC with capture. The CO2 is enhanced from 4 mol% to 6.7 mol% and O2 

concentration reduced from 12.1 mol% to 8.3 mol% in the exhaust gas. 

The IEAGHG (2012) developed a techno-economical study on CO2 capture in gas fired 

power plants and five alternatives integrated with CO2 capture were evaluated:  

1. Conventional NGCC with post-combustion capture using MEA  

2. Conventional NGCC with post-combustion capture using proprietary solvent 

3. NGCC with 50% of EGR using MEA 

4. Pre-combustion  

5. Pre-combustion with H2 storage 

The first lowest cost of electricity was for conventional NGCC using proprietary solvent. 

The new solvent requires less energy for its regeneration. The cost reduction for saving 

energy in the reboiler is dominant over the additional operating cost for using new solvent. 

The second lowest cost of electricity was for a NGCC with 50% EGR. As it is mentioned 

before, higher that 35% EGR is possible with new design of gas turbine. The cost of 

electricity reduces by 3.2% and the reboiler energy consumption by 7.17% increasing the 

efficiency from 51.04% to 51.33% compared with a conventional NGCC using MEA. 

Combining a proprietary solvent with EGR, the cost of electricity of EGR could be lower 

than conventional NGCC with post-combustion capture using proprietary solvent. In this 

study, the CO2 concentration in the exhaust gas increases from 4.46 mol% to 9.03 mol% and 

the O2 reduces from 12.28 mol% to 4.4 mol%. However as mentioned previously, 50 % EGR 

is problematic for flame stability. 
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In conclusion, EGR is an option to increase the concentration of CO2 in the flue gas and 

presents lower costs of electricity compared with conventional NGCC with CO2 capture 

using MEA. According to the results presented by different sources, 35% EGR is reasonable 

and allowed in a GE gas turbine, but higher than this percentage the O2 concentration in the 

combustor is reduced below 16 mol%. If EGR was higher than 35%, modifications in the 

design of the combustor would probably be needed.  

It is expected that the resulting gas after mixing with EGR could not have a negative effect 

on compressors with lower margin surging than the compressor from GE. The reason is 

explained as follows: 

Compressors are design to operate at certain surge margin depending of the property of the 

gas if it is heavy, medium or light gases shown in Figure 3.5. Compressors to compress air 

are design with surge margin for medium gas. The molar weight of the mixture of air with 

35% EGR is 29.96 kmol/kg. It is almost similar to the air molar weight which is 28.97 

kmol/kg. However, the final answer could be given after the evaluation of EGR in different 

industrial gas turbines.  

 

Figure 3.5. Effect of gas composition in a centrifugal compressor (Boyce, 2006) 

A heavy gas has high molar weigh. Propane (molar weigh 44.097 kg / kmol), propylene 

(molar weigh 42.08 kg / kmol. The medium gas includes air (28.966 kg / kmol), natural gas 

(19 kg / kmol), and nitrogen (28.0134 kg / kmol). Light gases include gases such as 

Hydrogen-rich (around 2.016 kg / kmol) and gases found in hydrocarbon processing plants. 

Figure 3.5 shows the performance of an individual stage at a given speed for three levels of 

gas molecular weight (Boyce, 2006). It can be seen from Figure 3.5 that for a heavy gas:  

1. The flow at surge is higher 

2. The stage produces slightly more head than medium gas 



Chapter 3 

 

41 

3. The right-hand side of the curve turns downward more rapidly 

4. The curve is flatter in the operating stage. This point often presents a problem to the 

designer of anti-surge control system  

3.2.2 Selective exhaust gas recirculation (SEGR): Series and parallel 

membrane / solvent hybrid capture systems 

Unlike EGR where a portion of exhaust gas is recycled; here only CO2 is recirculated to the 

gas turbine in order to increase the CO2 concentration in the exhaust gases and to keep the O2 

in the combustor up to 16 mol%. Recirculating only CO2 is possible using a selective 

membrane. 

The NGCC power plant integrated with CO2 a separation membrane is proposed by Voleno 

et al, (2014) and Swisher and Bhown, (2014). The system is based on two membranes 

operating in series on the cooled flue gas from the HRSG. The first membrane consists with 

no sweep gas inlet on the permeate side, using a vacuum pump to keep a sub-atmospheric 

pressure of 0.2 bar in the permeate stream. CO2 separated by this membrane is sent to storage 

after intercooled compression. The second membrane consists with a sweep gas inlet stream, 

flowing counter-currently, where fresh air for the gas turbine is used as sweep gas on the 

permeate side. This second membrane allows a selective CO2 recycle in order to increase the 

CO2 concentration of the flue gas. In the first membrane, separation of 90% of the CO2 

generated by the NGCC combustion is set.  

The alternative proposed by Merkel et al, (2012) consists in a combination of two processes: 

the MEA-based CO2 capture and a novel selective membrane reported by Merkel et al, 

(2012). In the membrane equipment, in one side, air is passed counter-currently to the flue 

gas on the other side of this membrane. As the membrane is selective for CO2 over oxygen 

and nitrogen, CO2 permeates into the air stream which enters the compressor. Therefore, the 

CO2 concentration is increased in the exhaust gas, which has a positive effect in the MEA-

based CO2 capture unit. There are no compressors or vacuum pumps required for this 

membrane. The only energy required is for the fans or blowers that are used to push the 

exhaust gas to the membrane unit and to compensate the pressure drop (Merkel et al., 2012). 

Two configurations are possible: series and parallel membrane / solvent capture system. In 

the series membrane / solvent hybrid capture system shown in Figure 3.6, the total amount of 

the exhaust gas leaving the HRSG is first sent to the MEA-based CO2 capture, which 

removes only a portion of CO2. For example, only 50% of the CO2 from the flue gas is 

captured in the absorber of the post-combustion plant using MEA which means a reduction 
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in the absorber size. Then, the exhaust gas that leaves the absorber is sent to the selective 

membrane equipment, which removes the rest of the CO2 in order to achieve 90% overall 

removal (Merkel et al., 2012). With selective exhaust gas recirculation (SEGR) in series it is 

possible to increase CO2 concentration in the flue gas from 4 mol% to 13.7 mol% 

approximately whilst maintaining oxygen at 16.3 mol% in the gas turbine combustor 

(Merkel et al, 2012). The O2 concentration in the exhaust gas reduces from 12 mol% 

approximately to 8.17 mol%. 

 

Figure 3.6. Schematic of the series membrane / solvent hybrid capture system (Merkel et al., 

2012) 

In parallel membrane / solvent hybrid capture system, shown in Figure 3.7, the flue gas is 

split into two portions. One portion of the exhaust gas leaving the HRSG is sent to the MEA-

based CO2 capture and the other to selective membranes. The proportion of the flue gas will 

depend on the economic analysis of the membrane and MEA-based CO2.  

  

Figure 3.7. Schematic of parallel membrane / solvent hybrid capture system (Merkel, et al., 

2012) 

Sending 77% of exhaust gas to the membranes, with selective exhaust gas recirculation in 

parallel it is possible to increase CO2 concentration in the flue gas from 4% to 18.6 % 
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approximately whilst maintaining oxygen at 16% in the gas turbine combustor (Merkel et al, 

2012). O2 concentration in the exhaust gas reduces from 12 mol% approximately to 7.58 

mol%. In addition, only 23% of the volumetric flow is treated in the amine capture unit. 

CO2 recycling with this novel membrane in the NGCC gives more flexibility without 

approaching stoichiometric oxygen limits as happens with EGR (Merkel et al, 2012). High 

capital cost for the use of selective membranes could be a disadvantage for this alternative. 

In addition, this membrane is not mature technology and more research still is needed.  

3.2.3 Supplementary firing natural gas combined cycle  

In this process, additional fuel is fired in the supplementary burner located at the inlet duct 

burner of the HRSG, as shown in Figure 3.8. As a result, the oxygen is reduced and CO2 is 

increased. Supplementary firing in NGCC power plant is typically used to increase power 

output by around 30% during times of peak demand of electricity (Kiameh, 2003). The 

maximum additional heat input in a single in-duct burner arrangement is, however, limited 

by the temperature constraint of the heat exchangers in the HRSG. 

 

Figure 3.8. Schematic of the natural gas combined cycle with supplementary firing  

Supplementary duct firing increases CO2 concentration to levels similar to those achievable 

with the EGR method whilst avoiding modifications to the gas turbine. A study on 

supplementary firing performed by Li et al. (2012) reported an increment for CO2 from 3.9 

mol% to 8.4 mol% and O2 concentration from around 12 mol% to 5.8 mol%. The 

temperature difference at the high pressure superheater header of the HRSG increases from 

50ºC to 800ºC leading to a gas temperature of 1280ºC, compared to a gas temperature 

around 530ºC. In both cases, high pressure steam temperature is 480ºC; information related 

to the three levels of pressure generated in the HRSG is provided in Li et al, (2012) and are 

listed below:  

HP steam temperature  °C 480 

HP steam inlet pressure bar 111 
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IP steam inlet pressure bar 27 

LP steam inlet pressure bar 4 

In the hypothetical case where fuel is burnt only in one step, the high temperature constraints 

on materials are not taken into account. The efficiency of the cycle drops with this 

alternative and the exhaust gas volume is not reduced; it increases for the additional fuel 

burned in the HRSG. An economic analysis is needed for new material because of increasing 

the temperature at these levels. 

To improve this alternative, Li et al (2012) proposed three important modifications in the 

cycle:  

1. Supplementary firing cycle integrated with exhaust gas reheating shown in Figure 

3.9. The gas turbine is divided in two stages. The exhaust gas that leaves the first 

stage is reheated before going the second stage. This alternative could increase the 

CO2 concentration and decrease the temperature difference in the HRSG. 

2. Supplementary firing cycle integrated with exhaust gas recirculation (EGR) can 

efficiently increase the CO2 concentration and reduce the mass flow of exhaust gas. 

However, with 40% EGR, the O2 concentration in the combustor is reduced 

significantly; this could affect the flame stability.  

3. Supplementary firing cycle integrated with a supercritical bottoming cycle can 

reduce the temperature difference in HRSG and increase the efficiency of the cycle 

 

Figure 3.9. Scheme of supplementary firing with exhaust gas reheating (Li et al, 2012) 

A combination of these three alternatives was estimated to raise CO2 concentration in 

exhaust gas to 11.2 mol%. The gas/gas heat exchanger could result in additional capital cost 

that has to be quantified.  

In conclusion, the main difficulty in using supplementary firing is that the temperature of the 

exhaust gas rises when additional fuel is used, whilst the maximum temperature is restricted 

by metallurgical constraints (Li et al., 2012). With this alternative it is possible to increase 

the amount of CO2; and reduce the O2 concentration in the exhaust gas but not the gas 
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volume of the exhaust gas. The alternative proposed by Li et al, (2012) shown in Figure 3.9 

could solve the problem of the temperature constrain. In addition, the gas turbine would not 

require additional modification. However, economic analysis would be necessary to quantify 

the additional capital cost for the heat exchanger used to reheat the exhaust gas. The 

additional cost would depend on how much supplementary fuel is burnt and the resulting 

temperature of the exhaust gas.   

3.2.4  Sequential gas turbine combustion  

This concept is proposed by Asen and Eimer, (2008) in the patent US20080060346 A1, in 

order to increase the CO2 concentration and reduce the volumetric flow of the flue gas.  

The process is shown in Figure 3.10. The exhaust gas from a conventional NGCC is cooled 

down. Then, the flue gas enters the second conventional NGCC. The resulting hot exhaust 

gas is cooled again and after that it is sent to a CO2 capture process using amine for capturing 

the CO2. These methods can reduce the total amount of flue gas and increase the CO2 

concentration and reduce the O2 concentration. As a result, the size of the absorber is 

reduced. However, the O2 concentration in the flue gas that enters the second NGCC reduces 

and affects the combustion, which can lead to an incomplete unstable combustion and result 

in high CO emissions. According to the results, CO2 increases from 4.25 mol% to 8.8 mol% 

and O2 is reduced from 13.61 mol% to 6.02 mol% (wet base). The volume of the exhaust gas 

is reduced 50% as the same flue gas without adding additional air is used in the second 

NGCC. 

 

Figure 3.10. Sequential gas turbine combustion (Asen and Eimer, 2008) 

As mentioned before, most of the combustors are design to use air which contains 21 mol% 

O2. The O2 concentration of the exhaust gas of a conventional NGCC is around 12 mol% and 

http://www.google.ch/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Knut+Asen%22
http://www.google.ch/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Dag+Eimer%22
http://www.google.ch/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Knut+Asen%22
http://www.google.ch/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Dag+Eimer%22
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4% of CO2. This condition of the flue gas in the inlet of the second combustor would present 

a challenge for this alternative as a new design would be needed.  

3.2.5 Gas turbine humidification 

The gas turbine humidification or evaporative gas turbine cycle (EvGT) has been under 

research study for many years (Li et al, 2011; Li et al, 2009; Takahashi, 2007; Hatamiya et al 

2004; Thern et al, 2003, Lindquist et al, 2002; Lindquist et al, 2000, Agren et al, 2000). The 

process is shown in Figure 3.11. The water is heated to saturated point before entering the 

humidification tower (column with packing) interchanging heat with the air that leaves the 

compressor. Then it enters the top of the humidification tower in contact counter-current 

with the compressed air which enters in the bottom of the tower. An amount of water is 

evaporated and leaves the tower together with the humidified compressed air. After that, the 

humidified air is preheated with the exhaust gas in order to increase the temperature to 

approximately the same temperature of the air at the outlet of the compressor, and then 

enters the combustor. The exhaust gas is sent to the CO2 capture process. Before entering the 

absorber, the exhaust gas with an excess of steam passes to the condenser where the water is 

removed and as a result the CO2 concentration in exhaust gas is increased. An EvGT pilot 

plant has been constructed and successfully operated at Lund Institute of Technology in 

Sweden (Thern et al, 2003, Lindquist et al, 2002; Lindquist et al, 2000, Agren et al, 2000).  

 

Figure 3.11. System of gas turbine humidification with amine-based CO2 capture (Li, et al 

2011; Li et al, 2009) 

Li et al (2011) concluded that with this alternative it is possible to increase the CO2 

concentration from 3.9 mol% to 5 mol%. When this alternative was compared to EGR and 
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supplementary firing, humidification represented the lowest efficiency which is 41.6%. In 

term of investment cost, gas turbine humidification has the lowest capital cost as it does not 

have a steam cycle. As the air is replaced by water, this has the same effect as the EGR low 

O2 concentration in the flue gas that goes to the combustor. The injection of the water in the 

gas turbine would cause a volumetric flow rate mismatch between the compressor and 

expander. The degree of mismatch, which depends on how much water is injected in the 

turbine, to accommodate the increased flow rate is under developed. Therefore, more than 

research is needed i.e. testing and experiments unit. As this work is focus on more mature 

technology, this technology is not selected because of this disadvantage.  

3.3 Impact of the new alternatives on power plant and capture plant 

This section describes the main parameters affected by the modifications to the natural gas 

combined cycle described in previous sections. These parameters such as O2 CO2, O2, and 

NOx concentration at the combustor and before capture need special attention in order to 

understand the negative and the positive impacts on the power plant and CO2 capture.  

3.3.1 Effect of CO2 concentration on NOx emission 

The presence of the CO2 in the flue gas that enters the combustor could be considered an 

important option for NOX reduction (Lombardi, 2003).  

At the flue gas temperatures faced during combustion of gas and light oil, one of the 

mechanisms for the NOX formation is the thermal NOX formation. The thermal NOX 

formation results from high temperature dissociation and chain reaction of elemental 

nitrogen and oxygen from the air during combustion. It is highly dependent on the 

temperature, especially at temperatures above 1570 °C (Røkke, 2005 after Lefebvre, 1998) 

so the higher the temperature, the higher the NO formation.  

NOx formation are due to NO formed by the Thermal (Zeldovich reaction) described by the 

following reactions 3.1, 3.2 and 3.3 (Zeldovich et al, 1946): 

N2 + O → NO + N                  Reaction 3.1 

N + O2   NO+O                  Reaction 3.2 

N + OH  NO + H                   Reaction 3.3 

In summary, with EGR in the gas turbine and selective EGR the reduction of NOX formation 

are due to: The cooled recirculated flue gases acting as a heat sink from the flame and 

lowering peak flame temperatures 
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3.3.2 Effect of O2 reduction in the combustor  

The main difficulty with EGR is that O2 concentration is reduced when a portion of air mass 

flow is replaced with exhaust gas. According to some authors, the reduction of O2 in the gas 

that enters the combustor has negative effects on the combustor, especially in the flame 

stability. These are summarised in the following list: 

1. The levels of unburned hydrocarbons and CO are very high at O2 < 16 mol%. (Li, 

2011). The present of hydrocarbon mean lower efficiency of the cycle. 

2. The flame velocity reduces for some hydrocarbon fuels (Glassmann, 1996) 

3. With EGR, combustion O2 concentration should be kept between 16-18 mol% in 

order to maintain the flame stability (Bolland et al., 1997; Evulet et al, 2009) 

4. EGR may induce loss of efficiency of the combustor because of the incomplete 

combustion of the fuel for the O2 reduction (Evulet et al, 2009) 

5. High levels of CO2 in the system with EGR can provide a significant perturbation of 

the nominal reactant kinetics as CO2 takes part in the combustion reaction (Lieuwen 

and Yang 2013).   

3.3.3 Effect of O2 concentration in exhaust gas on amine solvents 

degradation 

Amine degradation at high concentration of O2 occurs because it reacts with the amine 

forming salts and other components that are not regenerated with heat. In the case of MEA 

(C2H7NO), Goff and Rochelle (2004) reported the formation of various degradation 

products, and Figure 3.1 shows their stoichiometry. 

 Table 3.1. Oxygen stoichiometry for the formation of degradation products (Goff and 

Rochelle, 2004) 

C2H7NO (MEA) + ѵO2           NH3 + degradation products 

Product Stoichiometry (ѵ) 

Formaldehyde (CH2O) 0.5 

Acetic acid (CH3COOH) 0.5 

Hydroxyacetaldehyde (C2H4O2) 0.5 

Glycolic acid (C2H4O3) 1.0 

Formic acid (CH2O2) 1.5 

Carbon monoxide (CO) 1.5 

Oxalic acid (C2H2O4) 2.0 

CO2 2.5 
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3.4 Comparison of results including the novel alternative proposed in 

the thesis 

The most promising alternatives proposed in the literature review and the configurations 

proposed in this thesis “supercritical and subcritical sequential supplementary firing” are 

compared. Table 3.2 shows important information such as CO2 and O2 concentration in the 

exhaust gas, percentage of volumetric reduction, and the increment or reduction in the 

efficiency of the cycle. The alternative of EGR increases the CO2 concentration mol% to 

6.7mol%, and the efficiency of the cycle by 0.5 percentage points. In addition, it reduces the 

volumetric flow in the capture plant by 35%, which means a reduction in capital cost of the 

absorber. However, the O2 concentration reduces from 12 mol% to 8.3 mol% which does not 

solve the problem with amine degradation. Selective EGR in parallel presents the highest 

increment of CO2 in the exhaust gas from 4 mol% to 18.6 mol%. In series the CO2 increases 

from 4 mol% to 13.7 mol%. It represents the greatest reduction of exhaust flue gas going to 

the absorber of 77.5 %. In addition, the efficiency increases 0.5 % points. Nevertheless, 

economic evaluation is needed as the main high cost comes from the membranes and the 

high pressure drop in the membrane has to be considered. In addition, the concentration of 

O2 in the exhaust gas still remains high and options for separating CO2 from the air (e.g. 

membranes) still do not exist in the market. Supplementary fuel in one step increases the 

CO2 concentration from 3.9 mol% to 8.4 mol% and reduces the O2 concentration from 12.4 

mol% to 5.8 mol%. However, the efficiency penalty is 6.7 % and the volume of the exhaust 

gas does not reduce significantly because of the temperature restriction. What is more, 

economic analysis is needed because new material in the HRSG for high temperature would 

be necessary, thus it would increase the capital cost of the cycle. Supercritical and subcritical 

sequential supplementary firing increases the CO2 concentration 4.2 mol% to 9.4 mol% and 

the volumetric flow is reduced 50% approximately. This alternative represents the highest 

reduction in the O2 concentration from 11.9 mol% to 1.3 mol%. However, the efficiency 

penalty is 5.7 % for supercritical and 8.2 % for subcritical. There are two circumstances that 

have to be considered before proposing an alternative for CO2 capture for Mexico: The cheap 

gas price and the high opportunity for developing EOR projects. The effect of the efficiency 

in the cost of the electricity is likely to have a reduced impact because of the low gas price. 

The positive impact on the post combustion capture plant size and energy requirements for 

solvent regeneration are attractive for markets with cheap natural gas, and where the 

emphasis on capital cost reduction is important. In chapter 4 a rigorous techno-economic 

analysis of supercritical and subcritical SSFCC is carried out.  
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Table 3.2.  Comparison of alternatives for enhancing the CO2 concentration (wet base); reduce the volume and O2 concentration in the exhaust gas (Li et 

al, 2012; Merkel et al., 2012; IEAGHG, 2012; Aboudheir and ElMoudir, 2009) including the alternative proposed in this thesis 

Alternatives 
NGCC with 

EGR 

NGCC 

Selective EGR 

parallel 

Selective EGR 

series 

NGCC with 

supplementary 

firing 

Supercritical 

SSFCC 

Subcritical 

SSFCC 

Capture level %1 90 90 50 90 90 90 

Main modification Gas turbine Gas turbine Gas turbine HRSG Steam cycle Steam cycle 

mol % CO2 exhaust gas 4 to 6.7 4 to 18.6 4 to 13.7 3.9 to 8.4 4.2 to 9.3 4.2 to 9.3 

mol % O2 exhaust gas 12.1 to 8.3 12 to 7.58 12 to 8.17 12.4 to 5.8 From 11.9 to 1 From 11.9 to 1 

mol % O2 exhaust gas 

before combustor 
16 16 16.3 21 21 21 

% reduction of 

volumetric flow to CO2 

capture 

35 77.5 

2.7 (height of 

the absorber is 

reduced) 

0 50 50 

∆Reduction or 

∆increment in efficiency 
0.5 > 0.5 > 0.5 > 6.7 < 4.8 < 7.3 < 

1Capture level is related to the percentage of CO2 captured from the flue gas that enters the absorber of the post-combustion plant using MEA  
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3.5 Literature review of capture plant and CO2 compressors at design 

and part-load conditions 

This section provides important information from the literature related to the design and 

operation of the capture plant and compressor unit used in this thesis. In addition, simulation 

results of the optimisation of the capture plant are given in the last section. 

3.5.1 Design condition of CO2 capture plant 

This section focuses on the optimisation of conventional post-combustion capture process 

design, and on technical evaluation at part-load condition based on the state-of-art.  

Firstly, it is necessary to determine the optimum design condition of the capture plant. There 

are some parameters that have to be evaluated and defined such as size of the absorber, lean 

and rich loading, temperature and pressure in the stripper 

Effect of different lean solvent loading. The total energy required to regenerate a CO2 

loaded solvent can be expressed as follows, according by Chakma, (1997); Kim and 

Svendsen, (2007); and Mohammad, (2009): 

Total Energy = Heat of Reaction + Sensible Heat to heat up the rich amine to the 

operating temperature of the reboiler + Latent Heat of Vaporization of the 

evaporated Water 

The contributions of each of these parts are varied while changing the lean loading. The lean 

loading is defined as the ratio of moles of CO2 to moles of amine in the regenerated amine 

solution exiting the regenerator or stripper bottom. 

At constant CO2 removal efficiency: 

1. At different lean loading the heat of reaction remains almost constant 

2. At lower lean loadings the latent heat of water evaporation to achieve the same CO2 

removal becomes dominant 

3. At higher lean loadings a larger amount of solvent is needed to achieve the same 

CO2 removal which means more sensible heat is required to raise the temperature of 

the solvent to the stripper temperature 

Effect of the stripper pressure and temperature. At high temperature and pressure, the 

CO2 mass transfer rate increases through the stripper column because of the high driving 

force that enhanced the vapour - liquid equilibrium for desorption. However, higher amine 
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degradation rates and corrosion problems occur at high pressure and temperature 

(Mohammad, 2009). The recommended temperature of the reboiler for MEA is 120 °C (Kohl 

and Nielsen, 1997; IEAGHG, 2010; Rochelle, 2009). It was verified to be optimal in the 

experimental results of Knudsen (2011) in a pilot plant with capacity to capture 1 t/h of CO2 

from the flue gas generated at the coal fired power plant operated by Dong in Esbjerg, 

Denmark (Sanchez-Fernandez et al, 2013 after Knudsen, 2011). 

Diameter of the absorber. The column diameter is a function of the liquid and gas flow 

rates and their densities (Abu-Zahra et al, 2007; Rezazadeh, 2015). It is based on the 

flooding limitation, and pressure drop (depending on the packing). Although a diameter large 

enough is necessary to prevent flooding through the column, very large diameters are not 

recommended.There is a maximum volume flow rate of 300,000 m3/h (292.5 tonne/h 

approximately) which could be treated in an absorber column due to economic limits to the 

size of the absorber based on  pressure drop constraints to ensure a stable operating condition 

with proper liquid and gas distributions (Desideri and Paolucci, 1999; Yagi et al, 1992; 

Rezazadeh, 2015) also in terms of available column vendors. For systems that require the 

processing of a larger flow, a modular design with several trains operating in parallel is 

adopted. Rezazadeh et al (2015) after Reddy et al. (2003) reported that the maximum 

diameter for an absorber column under operation is 18.2 meters. According to Kvamsdal et 

al (2009), flooding is not a limitation at part-load operation as the liquid flow does not 

increase with the reduction in the gas flow.  

Flooding. When the inlet gas flow rate is so high that it interferes with the downward flow 

of the solvent liquid, it may cause an upward flow of the liquid through the tower, the liquid 

is no longer able to flow downwards, and fills the entire column due to a high gas velocity 

and liquid flow. This phenomenon is known as flooding.  

The rich loading. The rich loading is the solvent loading with CO2 at the absorber outlet and 

is a good indication of the level of solvent saturation (Mohammad, 2009). As MEA is a 

primary amine, carbamate is predominant product in the equilibrium Reaction 3.4 (Sanchez 

Fernandez, 2013; Versteeg, et al 1996; Versteeg, et al 1988): 

CO2 + 2R-NH2                      R – NHCOO- + R-NH3
+                   Reaction 3.4 

        Carbamate 

So the ideal maximum rich loading with MEA is close to 0.5 mol CO2/mol MEA 

(Mohammad, 2009 after Kohl and Nielsen, 1997). It depends mainly on operating absorber 
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temperature (40-55 °C) and CO2 partial pressure which depends strongly on the CO2 

concentration as shown in Equation 3.1: 

PCO2 = XCO2 PT                                               Equation 3.1 

Where:  

PCO2  Partial pressure of the CO2,  

XCO2  CO2 concentration in the flue gas,  

PT  Total pressure of the system, which is close to atmospheric 

3.5.2 Strategies to operate the capture plant 

After defining the optimal design condition, the next step is to determine the optimal 

operating condition that is influenced by the design of the capture and power plant, and the 

operating strategy at part-load (Van der Wijk et al., 2014). 

The operating condition of the CO2 capture plant has a strong connection with the power 

plant through the steam extracted from the IP/LP crossover to supply thermal energy to the 

reboiler.  The pressure in the crossover drops at part-load. Unless measures are taken to stop 

it, such as using a steam ejector, or the pressure may be higher than required at full load 

(Irons, 2013), the capture plant has to be adapted to the variation of the steam at part-load 

(Gibbins and Crane, 2004; Lucquiaud et al., 2009). Then it is important to understand the 

alternatives of operating strategy.  

Two operating strategies for part-load operation of capture plants have been analysed by Van 

der Wijk et al., (2014) and Kvamsdal (2009):  

1. Constant L/G ratio: this strategy is based on a constant L/G in the absorber 

approximately equal to the optimum at design condition, whilst maintaining a 

constant capture rate. This means that the liquid flow rate is decreased as the gas 

flow is reduced. The reduction in the liquid flow rate results in an increment of the 

rich loading which helps to reduce the thermal energy. Although this alternative is 

called constant L/G, results by Kvamsdal (2009) showed that L/G was reduced from 

7.1 to 4.8 kg/kg in order to get the same capture level. This is because of the increase 

in the gas and liquid residence time in the absorber (Sanchez Fernandez et al, 2016).   

2. Constant solvent flow: maintains a constant solvent flow rate through the capture 

unit. According to the simulation results by Kvamsdal (2009), as the load decreases, 

the L/G increases reducing the rich loading. This phenomenon is not beneficial to the 

reduction of the energy in the reboiler as higher rich loading acts as a driving force. 
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Both authors confirmed that this alternative represents less efficient operating 

strategy to operate the capture plant  

In the two operating strategies above, stripper pressure was fixed, as well as the exchanger 

temperature approach 10 °C and amine concentration 30%, as they depend on the optimum 

design condition of a specific amine (Kvamsdal, 2009). With respect to the reboiler 

temperature, because of the reduction in the steam pressure in the cross-over (the saturated 

temperature of the steam in the reboiler reduces), the temperature of the solvent in the 

reboiler is lower than at design. This is linked to a less favourable vapour-liquid equilibrium 

for desorption, which reduces the extent of solvent regeneration and leads to higher CO2 

regenerated solvent (Sanchez Fernandez et al, 2016). Higher lean loading results in a large 

amount of steam (sensible Heat) demand to heat up the solvent.   

In recent publication by Rezazadeh et al (2015), the operating mode at part load was: L/G 

slightly variable and pressure and temperature in the reboiler, and steam pressure were kept 

constant. However, it is possible to keep the temperature in the reboiler constant only if the 

heating steam pressure can be held constant at part-load keeping fixed pressure in the 

crossover. 

Sanchez Fernandez et al (2016) proposed three part-load strategies:  

1. Constant Stripper pressure for load following: This option consists in 

maintaining the stripper pressure at design value.  The solvent flow to the absorber 

column is adjusted to maintain capture level, so the L/G increases.   

2. Constant L/G ratio in the absorber: In this turn down strategy the solvent flow is 

adjusted at lower loads in order to keep a constant L/G ratio in the absorber. Unlike 

in the previous option, the solvent lean loading is maintained constant by releasing 

stripper pressure. 

3. A combination of releasing stripper pressure and increasing the L/G ratio in the 

absorber: This strategy represents a maximum solvent regeneration, the capture 

level is kept at 90% for all loads and the maximum possible flow of rich solvent is 

regenerated. This strategy can be used when the pressure of the steam to regenerate 

the solvent is very low in order to reduce the amount of LP steam 

In the first option the stripper pressure is kept at design value. Keeping the pressure in the 

stripper constant, the suction pressure at compressor inlet is maintained at its design value, 

reducing the power required for compression. On the other hand, maintaining the L/G ratio 

constant, the lean loading at part-load is kept at value, approximately equal to the design, by 
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releasing the stripper pressure in order to extend the regeneration degree of the solvent 

(Sanchez Fernandez, et al, 2016). Releasing the pressure makes it possible to reduce the 

sensible heat and increase the latent heat of water evaporation to achieve the same CO2 

removal. At lower pressures and temperatures in the stripper more energy per unit CO2 is 

required to achieve the same degree of solvent regeneration as in the design case due to a 

less favourable CO2 to steam ratio. Nevertheless, the latent heat of steam increases with 

decreasing condensing pressures and a final energy balance is achieved in the reboiler. This 

strategy has a negative impact on the downstream compressor operation. Sanchez Fernandez 

et al (2016) concluded that the most efficient strategy is to keep the stripper pressure 

constant. 

3.5.3 Strategies to operate the CO2 compressor  

The CO2 can be transported by pipeline in different phases: vapour, liquid or supercritical. In 

the United States several thousand kilometres of high pressure CO2 pipeline have been used 

for more than 40 years, mainly for EOR purposes. The existing pipelines for CO2 transport 

are operated in supercritical phase at ambient temperature and with pressures up to several 

hundred bars because of the large distances between the CO2 sources and the injection 

locations. High pressures and high densities result in smaller pipelines and less 

recompression required at certain intervals in the pipeline (Vermeulen, 2011).  

Siemens (2009) has presented three optimal scenarios to compress the CO2 shown in Figure 

3.12:  

1. In scenario A: Compression to subcritical conditions, liquefaction and pumping. The 

CO2 is compressed until 45 bar approximately, after which the CO2 is condensing at 

approximately 0°C, and then a pump is used to get the desired pressure (Vermeulen, 

2011) 

2. In scenario B: Compression to supercritical conditions and pumping. The CO2 is 

compressed until 100 bar approximately, after that the CO2 is cooled to 

approximately 20°C (Vermeulen, 2011). As in option A, a pump is used to get the 

desire pressure 

3. In scenario C: Compression to supercritical conditions. The CO2 is not condensed 

and a compressor is used to get the desired pressure  

Although the option A is characterized by the lowest compression power for CO2, the 

condensation of CO2 at low temperature 0°C, refrigeration has to be used in warm countries 
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such as Mexico, probably most for at least part of the year. Therefore, it will represent an 

increment in capital and operating cost.   

The selection between scenario B and C mainly depends on the final pressure required. For 

high discharge pressures the final compression stages can be replaced by a pump to reduce 

power consumption i.e. offshore pipeline. Very high discharge pressure is required when 

long pipelines are used because it reduces the number of intermediate re-pressurisation 

locations in the pipeline. In this thesis, the onshore pipeline collection network, less than 100 

kilometres is required as discussed in Chapter 2 section 2.2.4., which consists of relatively 

short pipelines without recompression. For that reason, path C is selected in this thesis. The 

log P-H diagram of pure CO2 is presented in Figure 3.13, with an overlay of the different 

phases. The distinction between liquid, supercritical and vapour phase is set by the critical 

pressure and temperature of CO2 (Vermeulen, 2011). 

 

Figure 3.12 Illustration of possible compression paths for a CO2 capture process (Ogink, 

2015, after Siemens, 2009) 

The scenario C consists of an integrally gear-type centrifugal compressor with several stages 

to compress the CO2 stream is suggested by Jockenhövel (2009) and Siemens (2009). It may 

be equipped with up to 4 stages, with a maximum of 8 stages. The number of stages depends 

on the pressure ratio. To compress CO2 from 2 bar to 110 bar, for which pressure ratio is 55, 

six stages are needed (Liebenthal and Kather, 2011). For pressure ratios higher than 55 more 
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compressor stages might be necessary. Inter-coolers are used to cool the gas at 40°C after 

each compression stage to condense the water and reduce the volume in the next stage of the 

compressor. The reason for cooling to 40°C is to keep the supercritical condition 

(supercritical condition of CO2 is 31.10 °C and 73.9 bar). Reducing the volume leads to 

reducing power consumption and the size of the compressor stage (Liebenthal and Kather, 

2011). Re-cooling the fluid after every stage is easily feasible and shows the lowest specific 

power duty and cooling duty (Jockenhövel el at, 2009; Liebenthal and Kather, 2011). Knock-

out drums and dehydrators are used for removing stream impurities.  

For large flow rates and the operational discharge pressure range, centrifugal compressors 

are more attractive such as single shaft and integrally geared compressors (Vermeulen, 

2011).  They present lower capital and operational cost, due to a lower number of impellers, 

smaller size of impellers and high achievable impeller efficiencies. Integrally geared 

compressors can easily be adjusted for specific operation modes and inter-stage activities, 

like flow and pressure control are possible, but also inter-stage dehydration is also easily 

implemented (Vermeulen, 2011). 

 

Figure 3.13. Log P-H diagram of CO2 (Vermeulen, 2011) 
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After selecting the configuration of the CO2 compressor and the operating condition, 

compressor control is the next aspect to be considered. Compressor control is very important 

to maintain a compressor in its stable operating range out of the surge line and the capacity 

limit when it is operating at off-design. Surge phenomena cause vibrations that result in high 

stresses on the compressor components that damage the equipment (Kiameh, 2013). There 

are several control methods to prevent surge (Liebenthal and Kather, 2011 after LÜDTKE, 

2004) at off-design which are described below: 

Variable Speed. The shaft speed is linearly varied with changing inlet volume flow. It 

represents the most efficient method at off-design condition (Liebenthal and Kather, 2011). 

However, from the mechanical perspective, variable speed drive compressors may have 

issues with vibrations (Sanchez Fernandez et al., 2015).  

Suction throttling. A throttle valve is used in the suction line as an integral part of the 

compressor. In part-load operation this throttle is activated to decrease the suction pressure 

(pressure ratio is increased because the pressure of the CO2 downstream of the compressor 

does not fall quickly enough) and thus increase the inlet volume flow. This alternative 

represents the lowest efficiency as a result of the use of the throttle valve. 

Recycle valve. This control alternative consists of using a recycle valve in the suction side of 

the compressor. When mass-flow is reduced at part-load, part of the compressed gas from the 

discharge of the compressor is recycled at the inlet of the compressor in order to work at the 

same volumetric flow and its corresponding pressure out of the surge line. As a result, the 

efficiency decreases. Although it causes a high efficiency penalty, it gives the highest 

working range of operation (Liebenthal and Kather, 2011; Ogink, 2015).  

Adjustable Inlet Guide Vanes. Inlet Guide Vane (IGV) control is based on the possibility 

of changing the guide vanes orientation in order to control the angle at which the flow enters 

the compressor. IGV is used to reduce the mass-flow and the pressure ratio in the 

compressor. Although at part-load the efficiency drops when closing the IGV, this 

alternative is more efficient than using recycling and throttling valves (Sanchez Fernandez et 

al, 2016). For that reason, this alternative is selected in this thesis. 

Liebenthal and Kather (2011) presented the resulting performance map of a gear-type 

centrifugal compressor with 6 stages using IGV at part-load shown in Figure 3.14. Although 

the compressor is control adjusting the IGV, for a constant suction and discharge pressure, 

the operation at 70% for the related volume flow (V/Vn) part of the CO2 will be recycled 

automatically in order to prevent surge region. 
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Figure 3.14. Resulting performance map of the complete compressor including 6 stages 

(Liebenthal and Kather, 2011) 

The polytropic efficiency and the pressure ratio for each stage are estimated using the 

performance map shown in Figure 3.15. The pressure ratio for each stage is calculated using 

Equation 3.2. 

𝑦𝑝 =  𝑅𝑍𝑚𝑇1

𝑛𝑣

𝑛𝑣 − 1
[𝜋

𝑛𝑣−1
𝑛𝑣 − 1]   Equation 3.2 

Where  

yp  Polytropic head shown in Figure 3.15 

π Pressure ratio 

R  The ideal gas constant 

Zm  The real gas factor (average between the inlet and outlet) 

T1  Inlet temperature in the stage (40 °C)  

nv   Polytrophic exponent (average between the inlet and outlet)  

The polytropic exponent is calculated using Equation 3.3 

𝜂𝑝 =

𝑘 − 1
𝑘

𝑛𝑣 − 1
𝑛𝑣

   Equation 3.3 

Where  

𝜂 p  Polytropic efficiency estimated with the performance shown in Figure 3.15 

k  Average  
𝐶𝑝

𝐶𝑣
 at the inlet and outlet of the stage 
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Figure 3.15. Typical single-stage performance map for adjustable inlet guide vane control 

(Liebenthal and Kather, 2011) 

3.6 Simulation of the capture plant and compression  

In order to illustrate the effect of the CO2 concentration on the rich loading and the height of 

the absorber; and the stripper pressure and the lean loading on the thermal energy 

consumption, a standard CO2 capture plant using 30% MEA, shown in Figure 3.16, is 

simulated in Aspen plus® using a rate-based approach.  The capture plant was validated by 

several authors based on various data sets from different pilot plants (Razi et al. 2013; 

Sanchez Fernandez et al. 2014).  

The rate-based model provides excellent predictions for the overall performance of the CO2 

capture system, including CO2 removal percentage, CO2 loading, reboiler duty, etc. while the 

equilibrium-stage model cannot predict these key performance variables reliably. The rate-

based model is a very useful simulation and optimization tool to study sensitivities of various 

CO2 capture process variables, including liquid/gas ratio, CO2 concentration in the feed 

stream, CO2 loading and MEA concentration in the lean amine stream, operating pressure, 

packing height and type, etc. (Zhang and Cheng, 2011).  

The basic information for one train of the capture plant such as the absorber pressure drop 

packing characteristics is provided in Table 3.3. This information is recommended from the 

literature based on experimental experience: the flue gas inlet absorber at 44 °C and 1.13 bar; 



Chapter 3 
 

61 

40 °C the temperature in the stripper condenser; 10°C approach temperature is assumed in 

the reboiler to ensure reliable operation and avoid thermal degradation of the solvent 

(Rezazadeh et al, 2015); and lean/rich stream heat exchanger approach temperature 10°C 

(Sanchez Fernandez, et al, 2013). 70% of the maximum gas velocity is selected in this work. 

Experience based rules of thumb suggests to design absorbers to operate at no more than 

70% of the maximum gas velocity that can cause flooding (Aguilar, 2007). 

The flue gas comes from a NGCC for which information and configuration were taken from 

IEAGHG, (2012). 

Table 3.3. Basic information of the simulation of the capture plant 

 Unit Absorber Stripper 

Column pressure drop1 bar 0.015 0.03 

Number of stages  20 8 

Simulation   Rate-based approach Equilibrium 

Packing characteristics  Sulzer standard 250Y Tray sieve 

Rich loading inlet  °C  115 

Temperature reboiler °C  120 

Temperature condenser °C  40 

Flue gas flow rate  kg/s 337   

Pressure flue gas inlet bar 1.13  

Flue gas temperature inlet  °C 44 1 

Lean/rich heat exchanger approach1 °C 10  
1Sanchez Fernández et al, (2013), Rezazadeh et al, (2015) 

 

Figure 3.16. Figure Schematic of CO2 capture plant simulated in Aspen plus@ 

The effect of the CO2 concentration and the height of the absorber on the rich loading are 

shown in Figure 3.17. The calculation of rich loading is without any optimisation. At lower 

absorber height a higher solvent flow rate is required to reach the same percentage of 
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capture. It is necessary to adjust the liquid to gas ratio (L/G) to maintain the same capture 

rate. The diagram shows that the higher the CO2 concentration in the flue gas, the higher the 

rich loading. At absorber heights greater than 16 meters, the rich loading does not change 

significantly.   

Figure 3.18 shows the results of simulation of the whole capture plant.  The reboiler pressure 

was varied from 2 to 1.8 bar in order to find an optimum combination of pressure, lean 

loading, and solvent flow rate that minimises the reboiler duty. The lean loading that 

minimises the specific reboiler energy is found at 0.269 mol CO2/mol MEA that corresponds 

to a reboiler pressure of 1.9 bar. Lower lean loadings, below 1.9 bar, result in high energy to 

vaporise the water. The generation of stripping steam is higher than at pressure up to 1.9 bar, 

resulting in a high water to CO2 molar ratio at the top of the stripper column. This requires 

relatively high reboiler energy per unit of CO2 desorbed. For pressures higher than 1.9 bar 

the lean loading increases and solvent capacity is reduced. Therefore, the lean solvent flow 

increases in order to maintain the CO2 removal rate at 90%. As a consequence, the specific 

reboiler energy increases because the sensible heat to heat up the solvent to the stripper 

temperature increases. The optimum reboiler duty is 3.562 MJ/tonne CO2 that corresponds to 

a pressure of 1.9 bar. Figure 3.19 shows the variation of the rich loading and the regeneration 

energy at different height of the absorber after the optimisation. As the rich loading increases 

the energy required in the reboiler reduces.  

 

Figure 3.17. Variation of rich loading mol CO2/mol MEA at different CO2 concentration and 

height of the absorber. Lean loading 0.27 mol CO2/mol MEA; 30% MEA concentration; 

90% capture, temperature 120°C and 1.9 bar 
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Figure 3.18. Optimisation of the energy in the reboiler for a natural gas combined 

cycle (NGCC) as a function of solvent lean loading, with CO2 removal rate of 90% 

and stripper temperature of 120ºC. The CO2 concentration in the flue gas is 4.2 mol% 

and the pressure is 1.9 bar 

 

Figure 3.19. Specific reboiler duty and the rich solvent loading are calculated and plotted as 

a function of height of the absorber for a constant CO2 removal rate of 90% and constant 

stripper temperature of 120ºC and pressure 1.9 bar, CO2 concentration in the flue gas 4.2 

mol%, lean loading 0.269 mol CO2/mol 
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At part-load, the operation strategy is: constant pressure and variable L/G. Based on the 

conclusion of Sanchez Fernandez, et al. (2016), this represent the most efficient alternative at 

part-load operation. This is mainly because the reboiler temperature achievable at constant 

pressure is higher than at constant L/G, which helps the generation of the solvent. In 

addition, constant pressure reduces compression work. 

With respect to the compressor configurations proposed by Siemens, (2009), “compression 

to supercritical conditions, without CO2 condensation, using a compressor to get the desire 

pressure instead of a pump” is selected. The main reason of that is because short distant is 

required in this study i.e. onshore, less than 100 km from the power plants to the oil fields in 

the Gulf of Mexico.  The number of stages of a gear-type centrifugal compressor is selected 

based on the advice from the Liebenthal and Kather, (2011). They suggest that to compress 

CO2 from 2 bar to 100 bar, which correspond to a pressure ratio of 55, six stages are needed. 

For higher pressure ratio than 55, more stages might need. In this thesis, the CO2 is 

compressed from around 2 bar to 150 bar for the purpose of EOR (DOE/NETL, 2012). The 

pressure ratio is around 80, therefore one more stage is needed.   

Based on the state-of-art, the configuration of the compressor selected in this thesis is two 

trains of a gear-type centrifugal compressor with 7 stages and intercooling after each stage as 

shown in Figure 3.20. The compression plant is divided into two identical parallel trains in 

order to avoid recycling CO2 as much as possible. It is designed for a nominal pressure ratio 

80 and a CO2 temperature of 40 °C after the intercoolers. The compressor is simulated in 

Aspen plus® and the performance map stage by stage is calculated using equations 3.2 and 

3.3 and the performance map presented in Figure 3.15. The result is given in Appendix D. 

 

Figure 3.20. Schematic of CO2 compressor trains with inlet guide vanes in the first stage and 

intercooling after each stage simulated in Aspen plus@ 
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Table 3.4 presents a summary of the operation mode for CO2 capture plant and compressor 

unit used in this thesis, as well as the design conditions for both units and the final 

configuration of the compressor system. 

Table 3.4. Optimun operating strategy for capture plant and CO2 compressor 

Design configuration CO2 compressor configuration 

Pressure 1.87 bar, temperature 120°C 

 

A gear-type centrifugal compressor with 7 

stages with intercoolings to cool the CO2 at 

40°C after each stage 

CO2 capture plant at part-load CO2 compressor at part-load 

L/G variable and pressure constant 

IGV, constant pressure ratio, and constant 

temperature at inlet of each compressor 

stage 

 

Simulation results at base load and at part-load are compared with Rezazadeh et al (2015) 

shown in Table 3.5. With the difference in the steam pressure, Rezazadeh et al (2015) 

considered constant steam pressure 2.5 bar at part-load, in this study 3 bar at full load is 

considered, and it varies at part-load because of the pressure drop in the crossover pressure. 

Shadow rows show the simulation results from Aspen plus@. 

Table 3.5. Comparison of simulation results from Aspen Plus of the capture plant at part-

load and Rezazadeh et al, (2015) 

   

load % 

Reference Concept Unit 100 90 80 70 60 50 

Rezazadeh, 

et al, 2015 
lean loading 

 

0.21 0.21 0.21 0.21 0.21 
  

This work lean loading 
 

0.269 
 

0.275 0.273 
 

0.272 

Rezazadeh, 

et al, 2015 

Temperature 

reboiler °C 
117.2 117.2 117.2 117.2 117.2 

  

This work 
Temperature 

reboiler 
°C 120 

 
120 119.5 

 
118 

Rezazadeh, 

et al, 2015 

steam 

pressure 
bar 2.5 2.5 2.5 2.5 2.5 

 

This work 
steam 

pressure 
bar 3 

 
3 2.9 

 
2.51 

Rezazadeh, 

et al, 2015 
L/G mass 1 0.985 0.98 0.972 0.963 

 

This work L/G mol 1.470 
 

1.530 1.500 
 

1.6 

Rezazadeh, 

et al, 2015 
Rich loading 

 
0.4761 0.4764 0.4766 0.477 0.4773 

 

This work Rich loading 
 

0.4721 
 

0.4725 0.4725 
 

0.4721 

Rezazadeh, 

et al, 2015 
Reboiler duty MW/tCO2 3.64 3.65 3.66 3.70 3.70 

 

This work Reboiler duty MW/tCO2 3.56 
 

3.58 3.60 
 

3.65 



Post – combustion capture in natural gas power plant 
 

66 

3.7 Conclusion  

A post-combustion capture plant is the most commercially flexible alternative to be applied 

in a new power plant or in an existing one. The incorporation of the CO2 capture plant in a 

NGCC has three main challenges compared with a coal power plant: the high concentration 

of O2, the low concentration of CO2 and the high amount of exhaust gas. Different 

alternatives have been proposed in order to solve these three main challenges i.e. EGR, 

selective EGR, humidification, and supplementary firing.  

At higher CO2 concentrations the partial pressure increases, which means a higher driving 

force for absorption that helps to reduce the energy to regenerate the solvent. 

There is a maximum volume flow rate (300,000 m3/h) which can be treated in an absorber 

column due to economic limits on the size of the absorber. For systems that require the 

processing of a larger flow, a modular design with several trains operating in parallel is 

adopted. 

The best operating strategy to operate the CO2 capture plant at part-load is at variable L/G 

and constant pressure in the reboiler. Temperature of the reboiler at part-load reduces as a 

consequence of the pressure drop of the steam extraction in the crossover to regenerate the 

solvent. As a result, the lean loading increases. 

The configuration selected to compress the CO2 is a gear-type centrifugal compressor with 7 

stages and intercooling after each stage and control by adjusted IGV of the CO2 compressor 

at part-load, which is the optimum based on the efficiency. 
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4. Sequential supplementary firing in natural gas 

combined cycle with carbon capture and CO2 

enhanced oil recovery 

4.1 Introduction 

Electricity production in Mexico is expected to grow from 62 GW in 2009 to 113.7 GW in 

2028, with natural gas being the dominant energy source in 2027 (Federal commission of 

electricity, 2014), as described in Chapter 2, section 2.2.1. In this context of rapid 

electrification dominated by natural gas power plants, Mexico intends in parallel to reduce 

“its greenhouse gas (GHG) emissions by 50% below 2000 levels by 2050” (CTF/TFC, 

2009). One of the strategies proposed to reach this objective is the application of Carbon 

Capture and Storage (CCS) on fossil fuel power plants for the purpose of EOR in the oil 

industry, which relies on the availability of large amounts of CO2 (Mexican Ministry of 

Energy, 2012) between 2020 and 2050.  

The triple challenge of rapid electrification through natural gas, reducing CO2 emissions in 

power generation and rolling out Enhanced Oil Recovery at national level requires an 

important R&D effort to develop nationally relevant CCS technology options. The outcome 

could then be implemented in the current technology roadmap for the design of new build 

CCS-EOR ready NGCC power plants, to facilitate incorporating CO2 capture technologies 

and EOR into the future energy mix.  

This chapter presents the results from a techno-economic study of power plant 

configurations dedicated to address this triple challenge. It involves the sequential 

supplementary firing of natural gas in the heat recovery steam generator of a natural gas 

combined cycle power plant, followed by the removal of carbon dioxide in a post-

combustion scrubbing amine-based capture unit to supply CO2 for EOR. This capture 

technology has, at the time of writing, been deployed at commercial scale at the Boundary 

Dam power plant in Canada (Herzog et al, 2009). It is particularly relevant in the context of a 

technology roadmap for CCS released by the Mexican Ministry of Energy, recommending 

actions at national level until 2024 with a particular focus on developing solvent absorption 

technologies linked to natural gas combined cycle plants (Mexican Ministry of Energy, 

2014).  
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In the first section, the methodology for the optimisation of subcritical SSFCC and capture 

plant is described. After that the economic study for subcritical SSFCC is developed. Results 

are compared with a conventional NGCC. Finally, tech-economic results for supercritical 

SSFCC are compared with subcritical SSFCC.   

4.2 Supplementary firing with carbon capture 

4.2.1 Introduction to the concept 

Non- sequential, single stage, supplementary firing is typically used in Natural Gas 

Combined Cycle (NGCC) power plants to increase power output by around 30% during 

times of peak demand of electricity and high electricity selling prices (Kiameh, 2003). Li et 

al (2012) proposed to implement supplementary firing in gas-fired power plants with carbon 

capture. They reported a concentration of O2 of 5.6% v/v in the exhaust gas, compared to 

12.4% v/v without supplementary firing. The temperature difference at the high pressure 

superheater header of the heat recovery steam generator (HRSG) increases from 50ºC to 

800ºC leading to a gas temperature of 1280ºC and large heat transfer irreversibilities, 

compared to a gas temperature around 530ºC. In both cases, high pressure steam temperature 

is 480ºC. Single stage supplementary firing requires advanced alloys to cope with the 

maximum temperature achievable, which then restricts the amount of supplementary fuel 

that can be used. Modifications to the HRSG design to withstand higher temperatures are, 

however, compensated by higher CO2 concentrations at the capture unit inlet.  

Sequential combustion effectively makes use of the excess oxygen necessary for gas turbine 

combustion to generate additional CO2 and allows to keep temperature around 800-900°C, 

an achievable range within a heat recovery steam generator with supplementary firing 

(Kehlhofer et al., 2009). The last stage of supplementary firing brings oxygen close to 

stoichiometric limits (1% v/v). This corresponds to an excess air around 5 % v/v.  

Gas and oil fired boilers used in utility and industrial steam generation applications typically 

operate with an excess air in the range of 5-10% v/v, resulting in oxygen levels in the 

combustion gas of the order of 1-2% v/v (Steam its generation and use, 2005). In the context 

of sequential combustion in HRSG at low excess oxygen, this suggests complete combustion 

with oxygen levels as low as 1% v/v may be practically achievable with good air/fuel mixing 

with appropriate burner design.  

The resulting flue gas of sequential combustion is then more comparable to the flue gas of a 

coal plant, which facilitates the incorporation of post-combustion CO2 capture by addressing 
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three specific challenges associated with natural gas flue gas described in chapter 3, section 

3.1: 

1. CO2 concentrations in the exhaust gas are typically 10-15% v/v in a coal power plant 

and 3-4% v/v in a gas turbine. They increase to 9.4% v/v with the configuration with 

five stages of sequential supplementary firing which is described in the next section 

of this chapter. 

2. With five stages of supplementary firing, the overall flue gas flow rate entering the 

capture plant is around 50% of the flow rate of a standard NGCC plant with post-

combustion capture with the same power output. 

3. With five stages of sequential supplementary firing, the O2 concentration is around 

1.3% v/v at the inlet of the absorber  

Burning supplementary fuel in consecutive stages increases the heat available in the HRSG 

and leads to a larger combined cycle power output and a reduction of the number of the GT 

trains, at constant power output. This also has a positive impact on the number of absorbers 

and the capital costs of the post combustion capture plant by reducing the total volume of 

flue gas by half on a normalised basis with respect to a conventional NGCC with CO2 

capture. It decreases marginally the energy requirements for solvent regeneration and 

marginally reduces amine degradation.  

In practice, the overall thermal efficiency of a SSFCC plant is lower than that of a standard 

NGCC. One useful metric is the marginal thermal efficiency of the additional natural gas 

combustion, as given in Equation 4.1. This is defined as the ratio of the increment in power 

output to the added fuel input in the HRSG: 

𝜂𝑚𝑎𝑟𝑔 = [
𝑊𝑆𝐹 − 𝑊0

𝑀𝑆𝐹𝐿𝐻𝑉
]   Equation 4.1 

Where   

ƞ𝑚𝑎𝑟𝑔  Marginal efficiency (%) 

𝑊0    Power output of steam turbine of conventional NGCC plant (MW)   

𝑊𝑆𝐹  Power output of the steam turbine of a plant with sequential supplementary  

                        firing (MW) 

𝑀𝑆𝐹  Mass flow of supplementary fuel in the HRSG (kg/s) 

LHV   Fuel low heat value (MJ / kg) 

Equation 4.1 can be used to compare power plants without and with capture. 
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4.2.2 Steam cycle and heat recovery design with sequential supplementary 

firing  

A configuration with two stages of supplementary firing with subcritical steam cycle is 

presented in Kehlhofer et al. (2009) shown in Figure 4.1. Natural gas fired is burnt at two 

locations in the primary heat exchange section. Information related to the values of final CO2 

and O2 concentration in the flue gas is not provided. The flue gas temperature is increased 

after the gas turbine via a first stage of firing to a maximum temperature around 750 °C and 

enters a superheater heat exchanger. Natural gas is then fired again in a second stage 

followed by an evaporator. 

The power plant configurations proposed in this thesis are based on existing patents, 

manufacturer data and are, to an extent, analogous to the concept proposed by Kehlhofer 

(2009) and to a concept for supplementary firing with supercritical steam conditions, 

proposed by Wylie (2004) shown in Figure 4.2, with the exception that carbon capture is not 

included as this alternative is proposed to increase the power output during time of peak 

demand of electricity. Wylie proposed to fire supplementary fuel in three stages through a 

single pressure HRSG with a supercritical steam turbine to improve the efficiency of the 

cycle. Natural gas fired is fired at three points in the primary heat exchange section in order 

to mitigate high peak temperatures in the HRSG when generating supplementary power. The 

peak temperature reached is 760 °C, however, the values of final CO2 and O2 concentration 

in the flue gas are not provided.  

On the other hand, Ganapathy (1996) suggests that higher maximum temperatures are 

possible by introducing other modifications in the HRSG. For instance, a temperature of 927 

°C is achievable with the use of insulated casings and up to 1316 °C when equipped with 

water-cooled furnaces. In order to avoid including advanced alloys, boiler design consisting 

of water-cooled furnaces and excessive capital expenditure, exhaust gas temperatures should 

be kept at a maximum of 820°C, a typical temperature in a conventional NGCC with 

supplementary firing (Thermoflow, 2013). Both the subcritical and supercritical 

configurations proposed here are based on this concept.  

Two steam cycle configurations are possible with sequential supplementary firing: 

Supercritical steam conditions: 630ºC, 295 bar (McCauley, et al, 2012; Salazar-Pereyra, et 

al, 2011; Satyanarayana, et al, 2011, Cziesla et al, 2009) and subcritical steam conditions: 

601.7ºC, 172.5 bar (IEAGHG, 2012). In both cases, the maximum design temperature is a 

critical parameter for the design of the HRSG.  
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Figure 4.1. Heat recovery steam generator with two stage supplementary firing (Kehlhofer, 

et al, 2009) 

  

Figure 4.2. Heat recovery steam generator with three stages (Wylie, 2004) 

4.3 Sequential supplementary firing with a subcritical combined cycle 

Power plants configurations are simulated using Aspen HYSYS®. Aspen HYSYS is process 

simulation software for the optimization of conceptual design and operations. With this 

software it is possible to calculate the mass and energy balances of the power plant in steady 

state at full load. A techno-economic study of a subcritical combined cycle configuration is 

first compared to a reference plant consisting of a new-build NGCC plant with post-

combustion capture in this section. The next section of the chapter examines the benefits of a 

supercritical combined cycle over a subcritical configuration. Both configurations examined 

here are equipped with a conventional HRSG, where the maximum temperature achievable is 

820ºC. A model of the power cycle integrated with the capture plant is used to optimise 

performance and provide the basis for the techno-economic study.  

First duct burner 

Second duct burner 
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4.3.1 Modelling and optimisation of subcritical SSFCC cycle alternative  

In a real process there are energetic and exergetic losses. Energetic losses occur by radiation 

and convection. Exergetic losses are related to internal losses caused by irreversible 

processes according to the second law of thermodynamics (Kehlhofer, et al, 2009).  The 

optimization of the SSFCC in this study is focused on reducing exergetic losses in order to 

improve the power plant efficiency. The parameters involved in the optimisation of the 

overall thermal efficiency and the marginal thermal efficiency of the additional natural gas 

combustion in the HRSG are:  

1. The number of additional firing stages 

2. The amount of fuel burnt  

3. The pinch point temperature 

4. Number of pressure levels in the HRSG (single, double, and triple pressure) 

5. The steam condition: subcritical and supercritical 

6. The stack temperature 

The number of additional firing stages and the amount of fuel. Setting the maximum 

HRSG temperature achievable allows for a given number of stages of supplementary firing 

with a minimum level of excess O2 content in the flue gas for complete combustion. After 

the final firing stage, the oxygen content in the flue gas is 1%v/v (Steam its generation and 

use, 2005, pp 11.4), which is sufficient to achieve complete combustion.  

The pinch point temperature. Important parameter in the optimisation of the steam cycle is 

the pinch point, which affects the amount of the steam generated and the efficiency of the 

steam cycle. This parameter is more important in system with single pressure. When there is 

more than one pressure level, if the pinch point of the HP steam is not the optimum, the heat 

that is not utilised is recovered in the low pressure evaporator (Kehlhofer, et al, 2009).   

The number of pressure levels. Different pressure levels can be generated in a HRSG: 

triple, double and single pressure (Jonshagen et al, 2011).  

1. HRSG with triple pressure consists of three evaporators: LP, IP, and HP evaporators, 

designed for parallel flow operation; LP, IP, and HP economisers; LP, IP, and HP 

superheaters, as shown in Figure 4.3 

2. HRSG with double pressure consists of two evaporators: LP and HP evaporators, 

designed for parallel flow operation; LP and HP economisers; LP and HP 

superheaters 

3. HRSG with single pressure consists of one HP evaporator; HP economiser; and HP 

superheater 
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The main reason for multiple-pressure levels in a conventional NGCC is to reach the 

maximum efficiency. A single pressure has a stack temperature around 100-110°C while 

with a triple pressure the stack temperature is reduced in the range of 70-80°C, both at the 

same pinch point (Sipocz et al, 2011). However, when supplementary fuel is burnt in a single 

pressure boiler the temperature raises, more heat is recovered and more steam is generated 

reducing the stack temperature. Stack constrained heat recovery is most likely to be 

encountered in boilers designed with supplementary firing. Pinch point constrained heat 

recovery is more common in conventional NGCC without supplementary fuel. As a result, 

there is no difference in the efficiency between the single and double pressure.  

Minimum stack temperature. The exhaust gas leaving the boiler needs to be hot enough so 

it can rise higher into the atmosphere and mixes with the air, to avoid causing high levels of 

pollutant concentrations in the vicinity of the plant. Pollutant dispersion is not a problem in 

NGCC as it burns natural gas which is sulphur-free and has low NOx. Beside the pollutant 

dispersion issue, the condensation of water vapour in the flue gas produces as unsightly 

plume that may be disliked by the populace. Hotter flue gas discharge reduces the extent of 

the condensation plume. The temperature could be in the range of 80-95 °C (Elmasri, 2002). 

In this thesis the stack temperature is fixed at 8 °C in all case studies.   

The optimisation in Aspen HYSYS consists of maximising marginal efficiency and reducing 

heat transfer irreversibilities as much as possible by analysing different pressure levels of 

steam produced in the HRSG (triple, double or single pressure). The integration between the 

combined cycle and the capture plant consists of solvent regeneration steam being extracted 

from the crossover pipe between the intermediate pressure (IP) and the low pressure (LP) 

turbines of the steam cycle at a pressure 3 bar in order to allow optimum solvent 

regeneration of a 30%wt MEA solvent. Table 4.1 lists the ambient conditions at standard 

conditions, and information for the compressor and turbine from the gas turbine. Table 4.2 

lists the parameters of the steam turbines used in the modelling of the power plants for all 

case studies.  

The information of the temperature and pressure, temperatures, and the efficiencies of steam 

turbines for a NGCC and subcritical SSFCC are taken from IEAGHG, (2012) and (Franco et 

al, 2011); and for supercritical steam turbine is based from several authors (Cziesla et al, 

2009; McCauley, et al, 2012; Salazar-Pereyra, et al, 2011; Satyanarayana, et al, 2011). 

Information given in theses publication is based on industrial and existing steam turbines. 

The steam turbine operating conditions are not part of the optimisation of SSFCC as the 

main modifications occur in the HRSG of the NGCC power plant with this alternative.  
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Table 4.1. Ambient conditions and modelling basis for all case studies 

Concept Unit Value 

Ambient temperature °C 15 

Ambient pressure bar 1.013 

Relative humidify % 60 

Cooling water temperature °C 25 

Cooling water maximum temperature rise °C 10 

Fuel calorific value (LHV) kJ/kg 46510 

Pressure ratio compressor  19.5 

Pressure in condenser bar 4.38 

Adiabatic  / polytrophic  efficiency compressor % 82/87.4 

Adiabatic  / polytrophic  efficiency gas turbine % 88/83.2 

Table 4.2. Input data for all case studies for steam turbines 

Concept Unit NGCC 
SSFCC 

Supercritical 

SSFCC 

subcritical 

Inlet pressure SC steam turbine bar NA 295.0 NA 

Inlet temperature SC steam turbine °C NA 630.0 NA 

Inlet pressure HP steam turbine bar 172.5 80.0 172.5 

Inlet temperature HP steam turbine °C 601.7 601.0 601.0 

Inlet pressure IP steam turbine bar 41.4 42.6 42.6 

Inlet temperature IP steam turbine °C 601.5 601.0 601.0 

Inlet pressure LP steam turbine bar 3.0 3.0 3.0 

Inlet temperature LP steam turbine °C 292.4 229.5 229.5 

Isentropic efficiency SC steam turbine1  % NA 92.0 NA 

Isentropic efficiency HP steam turbine % 86.0 86.0 86.0 

Isentropic efficiency IP steam turbine % 90.0 90.0 90.0 

Isentropic efficiency LP steam turbine % 87.6 87.6 87.6 
1Franco et al, (2011) 

4.3.2 Modelling and optimisation of the CO2 capture plant and 

compressor unit 

All case studies have been integrated with a standard CO2 capture plant shown in Figure 3.16 

using 30% wt MEA, and with a compressor system shown in Figure 3.20. The CO2 capture 

plant is simulated in Aspen plus® using a rate-based approach. Basic information for the 

capture plant for all cases is given in Table 3.3, section 3.6, chapter 3.  

The performance of the absorber is estimated to find the optimum parameters such as lean 

loading, rich loading, absorber and stripper packing height, heat transfer area, and energy 

removed from the condenser, and the electricity output penalty (EOP) to achieve 90% CO2 

capture rate based on the methodology described in chapter 3, section 3.5.1. 



Chapter 4 
 

75 

The EOP can be calculated using Equation 4.2. 

𝐸𝑂𝑃 =  
𝑀𝑊𝑤𝑖𝑡ℎ𝑜𝑢𝑡/𝑐𝑎𝑝𝑡𝑢𝑟𝑒 − 𝑀𝑊𝑤𝑖𝑡ℎ/𝑐𝑎𝑝𝑡𝑢𝑟𝑒  

𝐶𝑂2𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 
   Equation 4.2 

Where  

𝐸𝑂𝑃    Electricity Output Penalty (kWh / tonne CO2) 

𝑀𝑊𝑤𝑖𝑡ℎ𝑜𝑢𝑡/𝑐𝑎𝑝𝑡𝑢𝑟𝑒   Net power output without capture (kW) 

𝑀𝑊𝑤𝑖𝑡ℎ/𝑐𝑎𝑝𝑡𝑢𝑟𝑒   Net power output with CO2 capture and compressor unit (kW) 

𝐶𝑂2𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑  Amount of CO2 capture (tonne / h) 

The lean solvent loading of the MEA is varied to find the minimum EOP for a given CO2 

concentration in the flue gases. While studying the effect of different lean loading on the 

capture process, the stripper reboiler pressure is varied to change the values of the lean 

loading and the temperature is kept constant at 120 °C (Kohl and Nielsen, 1997; IEAGHG, 

2010; Rochelle, 2009).  

For each lean loading specified, the height of the absorber is then varied. At a given absorber 

height, the absorption solvent circulation rate is varied to achieve the same CO2 removal 

capacity (90%). The flue gas inlet absorber at 44 °C and 1.13 bar; 40 °C the temperature in 

the stripper condenser, and lean/rich stream heat exchanger approach temperature 10°C 

(Sanchez Fernandez E., et al, 2013), and 30% MEA are kept constant.  

4.3.3 Conventional natural gas combined cycle configuration  

The conventional case is a NGCC plant integrated with MEA-based CO2 capture. The 

configuration and operating parameters for the conventional case has been taken from 

Parsons Brinckerhoff (IEAGHG, 2012). The configuration of the NGCC consists of two gas 

turbines and three steam turbines. Each train comprises of one GE 937 IFB gas turbine with 

flue gas exiting into a HRSG. The total steam generated in both HRSG’s supply steam to a 

subcritical triple pressure steam cycle comprising of three steam turbines, as shown in Figure 

4.3.  

The pinch diagram for the hot gas turbine exhaust and the steam cycle water/steam flow rates 

for the conventional case is shown in Figure 4.4. The pinch temperature in the evaporator is 

10°C for the standard reference plant (Kehlhofer, et al, 2009). 
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Figure 4.3. Schematic process flow diagram of the conventional natural gas combined cycle configuration with two GE 937 IFB gas turbines, two triple 

pressure HRSGs and one subcritical steam turbine simulated in Aspen Hysys@ 
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Figure 4.4. Temperature/heat diagram for the Heat Recovery Steam Generator of the Natural Gas Combined Cycle plant (Figure 4.3) with subcritical 

steam conditions (601.7°C, 601.5°C, 172.5 bar) 
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4.3.4 Subcritical SSFCC power plant case 

This section starts with the analysis of the implication on the new design of the HRSG such 

as the pinch diagrams for triple, double, and single pressure configuration. 

Figure 4.5 shows the pinch diagram for a configuration where the total amount of 

supplementary fuel is burnt using a single duct burner to reach 1% v/v O2 in the flue gas. The 

temperature rises up to 1700 °C, with this temperature the boiler has to be equipped with 

water-cooled which mean an excessive capital expenditure. With sequential supplementary 

firing, the total amount of natural gas is divided into five stages through the HRSG. As a 

result, the peak temperature is dropped to around 820°C as shown in Figure 4.6. The total 

amount of natural gas burned in five stages in the HRSG is 22.3 kg/s. This corresponds to 

57% of the total fuel input of the gas turbine and the HRSG referred to Figure 4.9.  

Subcritical SSFCC at different pressure levels of steam triple, double, and single pressure 

produced in the HRSG have been analysed. The efficiencies calculated without capture are 

50.1%, 50.28%, and 50.44%, respectively; assuming 80°C as the minimum stack 

temperature. The pinch points are 83°C for triple pressure shown in Figure 4.6, 82 °C double 

pressure shown in Figure 4.7, and 70°C for single pressure shown in Figure 4.8. Single 

pressure represents the optimum alternative for subcritical SSFCC configuration. 

Results show that when a SSFCC subcritical boiler is designed to produce steam at given 

condition from feed-water at specific condition and at given stack temperature as the 

constraint, triple and double boilers do not have any beneficial. In a single pressure, higher 

exhaust gas temperature produces higher steam flow, so the resulting increase in water flow 

through the economisers cools the gas at the stack limit. Then it is not necessary to increase 

the number of pressure levels in the sequential supplementary firing HRSG to reduce the 

stack temperature. The temperature profile of the vapour and the number of sections of the 

HRSG have been optimised to reduce heat transfer irreversibilities by adjusting the heat 

transfer area available for each heat exchanger. For example, there is a change of slope in the 

superheater section as well as in the economiser of the single pressure HRSG in order to 

reduce the difference in temperatures. 

The schematic process flow diagram shown in Figure 4.9 is the optimum subcritical SSFCC 

configuration and consists of a single GE 937 IFB gas turbine followed by a single HRSG 

unit. The HRSG operates with a single pressure and provides steam to a single reheat steam 

cycle. Similar materials to that of a conventional HRSG (stainless steel 304) can be used. 
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Figure 4.5. Temperature/heat diagram of the Heat Recovery Steam Generator with supplementary firing in a single stage, and with subcritical steam 

conditions (601.7°C, 601.5°C, 172.5 bar) 
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Figure 4.6. Temperature/heat diagram of the Heat Recovery Steam Generator of a five stage sequential supplementary firing configuration with a triple 

pressure HRSG, with a single reheat combined cycle and subcritical steam conditions (601.7°C, 601.5°C, 172.5 bar). The three pinch temperatures ΔT1, 

ΔT2, ΔT3 are respectively 83ºC, 97ºC, 122ºC 
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Figure 4.7. Temperature/heat diagram of the Heat Recovery Steam Generator of a five stage sequential supplementary firing configuration with a 

double pressure HRSG, with a single reheat combined cycle and subcritical steam conditions (601.7°C, 601.5°C, 172.5 bar). The three pinch 

temperatures ΔT1, ΔT2, ΔT3 are respectively 82ºC, 84ºC, 82ºC  
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Figure 4.8.  Temperature/heat diagram of the Heat Recovery Steam Generator of a five stage sequential supplementary firing configuration with a single 

pressure HRSG, with a single reheat combined cycle and subcritical steam conditions (601.7°C, 601.5°C, 172.5 bar). The three pinch temperatures ΔT1, 

ΔT2, ΔT3 are respectively 79ºC, 70ºC, 76ºC 
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Figure 4.9. Schematic process flow diagram of a subcritical sequential supplementary firing configuration with one GE 937 IFB / single pressure HRSG 

train combined with a single reheat steam cycle simulated in Aspen Hysys@
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Table 4.3 shows the inlet and outlet temperature, and the O2 and CO2 concentration in each 

duct burner for the optimum configuration of subcritical SSFCC single pressure. The inlet 

temperature, velocity, turbulence of the exhaust gas, and the burner configuration can lead to 

increasing the efficiency of combustion in a situation of low concentration of oxygen 

(Ditaranto, et al, 2009). The main challenge may lay in the design of the last two duct 

burners (4th and 5th duct burners) where lower levels of oxygen compared to the first three 

burners are present. High temperature can compensate for the low levels of oxygen and the 

combustion can be stabilised with simple burner ramps (Li, et al, 2012). It is also worth 

reiterating that gas and oil fired boilers used in utility and industrial steam generation 

applications typically operate with an excess air in the range of 5-10% v/v (Steam its 

generation and use, 2005), comparable to the 6% v/v of equivalent excess air at the inlet of 

the last burner. Although the specific design of duct burners to operate within this range is 

outside the scope of this study, it is worth noting that the presence of higher levels of CO2 

compared to conventional gas and oil boilers requires further investigation of combustion 

stability and efficiency. If satisfactory combustion proved to be challenging in the final duct 

burner, this could lead to removing the burner and optimise the configuration to operating 

with one fewer burner, with possible higher outlet temperature to maximise natural gas 

usage. 

Table 4.3. Temperature, O2 concentration, CO2 concentration at the inlet of each duct burner 

for subcritical sequential supplementary firing power plant 

  Temperature 
O2 

concentration  

CO2 

concentration  

Equivalent  exit 

excess of Air 

Unit °C % % % 

Duct burner 1 643 11.9 4.2 100 

Duct burner 2 712 10.2 5.01 69 

Duct burner 3 608 8.0 5.45 39 

Duct burner 4 453 5.8 6.33 26 

Duct burner 5 480 4.0 7.85 6 

4.3.5 Impact of the sequential supplementary firing on the power plant with 

CO2 capture 

Key parameters for the conventional NGCC configuration and subcritical SSFCC without 

and with CO2 capture are described in Table 4.4 and Table 4.5, respectively. When 

supplementary fuel is burnt sequentially in a single HRSG attached to a gas turbine, the 

capacity of the steam cycle increases. The corresponding total net power with CO2 capture of 

the SSFCC is 781 MW, similar to the conventional NGCC configuration with 794 MW. As 
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in SSFCC only one gas turbine is used, the total volume of the exhaust gases is reduced by 

half. This has a positive impact on the number of direct contact coolers (DCC) and absorbers 

of the capture plants. Total net power of NGCC and subcritical SSFCC with and without 

capture are not equal because design for SSFCC is based on burning additional fuel to get 1 

mol% of O2 concentration in the flue gas.  

Although the efficiency of the subcritical SSFCC configuration is of the order of 43.1% 

LHV, compared to 51.3% LHV for a standard NGCC plant with capture, there are significant 

capital cost implications for the gas turbine, the heat recovery steam generator, the steam 

cycle, the absorber trains and the stripper/compression part of the capture plant and the 

potential for additional revenue from EOR:  

1. The SSFCC configuration makes use of a single gas turbine/HRSG train compared 

to two gas turbine/HRSG trains for a standard configuration  

2. The number of absorber trains is reduced from four to two, as previously discussed 

3. The capacity of the stripper and the compression train is increased by around 17.7% 

The concentration of the CO2 presented in Table 4.5 after the direct contact cooler is higher 

than in the HRSG because of the condensation of a fraction of the water contained in the flue 

gas. 

Table 4.4. Results for the conventional natural gas combined cycle and sequential 

supplementary firing combined cycle with a single pressure HRSG and double reheat 

subcritical steam conditions (601.7°C, 601.5°C, 172.5 bar) without capture 

Concept Unit NGCC1 
SSFCC 

subcritical 

LHV gross electric efficiency  % 60.4 51.4 

LHV net electric efficiency  % 58.85 49.8 

Gas turbine power output GT  MW 590 295 

Steam cycle power output MW 343 635 

Total LHV gross power output MW 936 930 

Total LHV net power output  (including ancillaries) MW 910 902 

Mass flow rate of natural gas to gas turbine kg/s 33.2 16.6 

Total mass flow rate of natural gas for 

supplementary firing 
kg/s NA 22.2 

1Power generated and fuel mass flow include the total for two trains 
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Table 4.5. Summary of key parameters of a SSFCC with single pressure subcritical steam 

cycle with (Saturated vapour at 3 bar is used in the reboiler) with CO2 capture  

Concept Unit NGCC 

 

SSFCC 

subcritical 

 

LHV gross electric efficiency  % 55.17 46.38 

LHV net electric efficiency (including CO2 

compression and other ancillaries) 
% 51.3 43.1 

Gas turbine power output GT MW 590 295.5 

Steam cycle power output MW 245 544.7 

Total LHV gross power output MW 835 840 

Total LHV net power output  (including CO2 

compression and other ancillaries) 
MW 794 781 

Marginal efficiency of natural gas fired in 

HRSG (LHV) 
% NA 36 

Marginal efficiency of natural gas fired in 

HRSG (LHV) without post-combustion 

capture (for comparative purposes only) 

% NA 44.7 

Electricity output penalty (EOP) kWhe/tonneCO2 408 362 

Carbon intensity of electricity generation kgCO2/MWh 39.8 47.5 

Flue gas mass flow rate kg/s 1347 696 

CO2 mass flow to pipeline kg/s 79 93 

Capture level % 90 90 

Solvent energy of regeneration GJ/tonneCO2 3.56 3.42 

Steam mass flow to solvent reboiler kg/s 145 146 

Number of absorber trains  4 2 

Diameter m 15.5 15.5 

Absorber height m 21 21 

Flue gas mass flow rate at each absorber inlet kg/s 337 348 

Volume of packing used for CO2 capture (not 

including water wash sections) 
m3 16260 8130 

Flue gas composition in the HRSG 

Water (H2O) % vol 8.84 17.57 

Carbon dioxide (CO2) % vol 4.20 9.36 

Oxygen (O2) % vol 11.88 1.32 

Nitrogen (N2) % vol 75.07 71.94 

Flue gas composition after direct contact cooler 

Water (H2O) % vol 4.29 4.29 

Carbon dioxide (CO2) % vol 4.37 10.87 

Oxygen (O2) % vol 12.52 1.31 

Nitrogen (N2) % vol 78.79 83.52 

1LHV net electric efficiency includes CO2 compression and parasitic losses and transformed losses  
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4.3.6 Effect of increased CO2 concentration on solvent energy of 

regeneration and absorber column design  

The combustion of additional natural gas in the HRSG increases the CO2 concentration in 

the flue gas from 4.2% v/v to 9.36% v/v, whilst reducing the excess oxygen to 1.3% v/v. The 

optimum lean loading for a NGCC configuration with capture reaches 0.27 mol CO2/mol 

MEA and 0.26 mol CO2/mol MEA for a SSFCC configuration. The higher rich loading 

achieved with higher CO2 concentration leads to an increase in solvent capacity and the 

specific reboiler duty decreases from 3.56 to 3.42 GJ/tonne CO2 for a configuration with 21 

meters of structured packing height in the absorber columns. This is illustrated in Figure 4.10 

where the optimisation of the overall electricity output penalty with solvent lean loading is 

reported.  

 

Figure 4.10. Optimisation of electricity output penalty for a natural gas combined cycle and 

for sequential supplementary firing combined cycle as a function of solvent lean loading, 

with a CO2 removal rate of 90% and stripper temperature of 120ºC. The CO2 concentration 

in the flue gas is, respectively, 4.2 mol% and 9.4% for a NGCC and a SSFCC configuration. 

The blue dotted lines indicate the optimum solvent lean loading 

In subcritical SSFCC, the total flue gas flow rate is 696 kg/s containing 93 kg/s of CO2 

compared with a conventional NGCC where total flue gas flow rate is 1347 kg/s which 

contain 79 kg/s that can be seen in Table 4.5. Then based on the argument described 

previously in chapter 3 section 3.5.1 related to the maximum capacity of the absorber, the 

flue gas flow rate of one train of SSFCC is 348 kg/s which contain 46.5 kg/s of CO2 and the 

flue gas flow rate of one train of the NGCC is 336.8 kg/s which contain 19.75 kg/s. The final 
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configuration of SSFCC is: two DCC and two absorbers; and two stripper columns and two 

rich/lean heat exchangers. For NGCC: four DCC and four absorbers; and two stripper 

columns and two rich/lean heat exchangers.  The reduction by approximately 50% of the 

overall gas flow rates has a positive impact on the capital costs of the DCC and absorber 

columns which are reduced from four to two columns. The height of the absorber for SSFCC 

and the NGCC are optimised, based on the reduction of the reboiler duty, for the CO2 

content in flue gas and 90% capture and both cases arrive at the same height of 21 m of 

packing in each absorber column as shown in Figure 4.11.  

 

Figure 4.11. Effect of CO2 concentration in the flue gas on solvent energy of regeneration for 

a range of absorber column heights. The capture rate is 90%. The lean loading and pressure 

in the reboiler for NGCC is 4.21% and 1.9 bar respectively and for SSFCC 9.36% and 1.87 

bar 

4.3.7 Comparison of cost of electricity 

The main objective of this economic study is to compare the expected cost of electricity, 

taking into account revenues from EOR, of a SSFCC configuration with a conventional 

NGCC. There are important differences between both configurations, such as thermal 

efficiency, size of critical pieces of equipment, operational costs. In this study, the direct 

comparison of the expected costs of sequential supplementary firing with a conventional 

configuration, using consistent sources of information ensures that error and inaccuracies in 

capital costs are mitigated. A sensitivity analysis is also provided to examine the robustness 

of the findings over a range of capital cost estimates to account for the associated estimate 

uncertainties.  
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4.3.7.1 Capital cost  

Cost estimation for all configurations is based on a methodology proposed in Rubin et al 

(2013). The sources of information are given in Table 4.6  

Table 4.6. References of capital cost for power and CO2 capture, CO2 compressor plants 

Equipment Reference 

Gas turbine, generator and auxiliaries 9F 5-series model Gas turbine handbook (2013) 

HRSG, steam turbine, and balance of plant BOP Franco et al (2011) 

In duct firing Thermoflow (2013) 

Supercritical steam turbine DOE/NETL (2013) 

Capture plant  IEAGHG (2012) 

CO2 compressor Hendriks et al (2003) 

CO2 transport DOE/NETL (2013) 

 

The Chemical Engineering Plant Cost Index 2013 is used to update the cost of equipment to 

2013 and a currency exchange of 0.8 EUR/USD in 2014 is used. The Chemical Engineering 

Plant Cost Index is dimensionless numbers used to adjust process plant construction costs 

from one period to another. The updated cost at 2013 is calculated using the equation 4.3. 

𝐶𝑜𝑠𝑡 (𝑐𝑜𝑠𝑡 𝑎𝑡 2013) = 𝐶𝑜𝑠𝑡 (𝑝𝑎𝑠𝑡 𝑑𝑎𝑡𝑒) [
𝐼𝑛𝑑𝑒𝑥 𝑎𝑡 2013

𝐼𝑛𝑑𝑒𝑥 (𝑝𝑎𝑠𝑡 𝑑𝑎𝑡𝑒)
]                  Equation 4.3 

Where 

𝐶𝑜𝑠𝑡 (𝑝𝑎𝑠𝑡 𝑑𝑎𝑡𝑒)  For the HRSG, the final cost is calculated using the equation reported 

by Franco et al (2011); for the capture plant by IEAGHG (2012); and 

for the compressor by Hendriks et al (2003) 

𝐼𝑛𝑑𝑒𝑥 (𝑝𝑎𝑠𝑡 𝑑𝑎𝑡𝑒)  For the HRSG at 2011 is 525.4; capture plant at 2012 is 581.7; and 

compressor at 2003 is 402 

𝐼𝑛𝑑𝑒𝑥 𝑎𝑡 2013   The dimensionless number is 567 for all cases 

The estimation of the capital costs is calculated as follow: 

1. The gas turbine handbook 2013 reported the cost of the 9F 5-series gas turbine of 

298 MW, which is the same gas turbine size used in this thesis of 295.5 MW.  

2. As the main modification occurs on the HRSG, it is necessary to describe it in more 

detail. The cost of the HRSG for all cases is calculated using Equation 4.4 proposed 

by Franco et al (2011):  

𝐶 = 𝐶0 [
𝑈𝐴

𝑈0𝐴0
]

𝑓

            Equation 4.4 
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Where  

𝐶0 Reference erected cost component 32.6 (M€) 

𝑈𝐴 Scaling parameter (MW/K), U heat transfer coefficient and A is the heat  

            transfer area. The information to calculate UA is taken from the simulation  

UA = Q/∆Tlm, where Q is the heat transfer (MW/s) and ∆Tlm is logarithmic 

temperature difference (°C) 

𝑈0𝐴0 Reference size component (12.9 MW/K) 

𝑓 Scale factor (-) 

Details for the HRSG of a NGCC, subcritical and supercritical SSFCC are provided 

in Appendix A. Equation 4.5 is used to estimate the capital cost of the steam turbine 

(Franco et al, 2011) which can be applied for any size of steam turbine.  

𝐶 = 𝐶0 [
𝑆𝑇𝑔𝑟𝑜𝑠𝑠 𝑝𝑜𝑤𝑒𝑟

𝑆𝑇𝑔𝑟𝑜𝑠𝑠 𝑝𝑜𝑤𝑒𝑟0
]

𝑓

            Equation 4.5 

Where  

𝐶0  Reference erected cost component 33.7 (M€) 

𝑆𝑇𝑔𝑟𝑜𝑠𝑠 𝑝𝑜𝑤𝑒𝑟 Scaling parameters, gross power steam turbine (MW)  

𝑆𝑇𝑔𝑟𝑜𝑠𝑠 𝑝𝑜𝑤𝑒𝑟0 Reference component size, gross power steam turbine (291 MW)  

 𝑓  Scale factor (-) 

3. Duct burners cost to deal with the same flue gas capacity required in this thesis were 

estimated from PEACE/GT-PRO (Thermoflow, 2013)  

4. Capital costs of the MEA-based CO2 capture for NGCC are not calculated and are 

based on the estimation given by IEAGHG (IEAGHG, 2012), the information of the 

based case of this thesis is based on this report. In that report, the cost is given for 

different sections of the plant, which makes it possible to determine the cost of 

capture plant for a SSFCC configuration. The cost is converted from EUR to 

American dollar. The total volume of packing of the absorber and the stripper and 

the area of heat exchangers are used to analyse the implications on the required 

capital expenditure (CAPEX).  

5. Investment costs of the compressor are estimated using equation 4.6 that can be 

applied for any size 

  𝐼 = [𝐶1𝐹𝐶2 + 𝐶3𝐿𝑁 [
𝑃𝑜𝑢𝑡𝑙𝑒𝑡

𝑃𝑖𝑛𝑙𝑒𝑡
] 𝐹𝐶4] 𝐹             Equation 4.6 
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Where 

I Total investment cost (M€) 

F Flow of CO2 (kg/s) 

C1 Constant = 0.1 x 106 (€/(kg/s)) 

C2 Constant = -0.71 

C3 Constant = 1.1 x 106 (€/(kg/s)) 

C4 Constant = -0.60 

Poutlet  Outlet pressure CO2 (Pa) 

Pinlet Inlet pressure (Pa) 

The sum of all equipment costs, together with the balance of plant (BOP), cooling water 

system, and installation costs is, as it is described by Rubin et al (2013), the bare erected cost 

(BEC). Following the methodology, the BEC including indirect costs, engineering 

procurement and construction (EPC) costs, contingencies, and owner’s costs gives the total 

capital requirement (TCR) for the power plant as well as for capture plant and compression 

system.  

The specific investments of the conventional NGCC and subcritical SSFCC cases have been 

evaluated and are reported in Table 4.7. The net specific investment estimated for the NGCC 

case is 773 $/kW, which increases to 1698 $/kW when the CO2 capture unit is incorporated. 

Table 4.7 shows a reduction in total specific investment for the subcritical SSFCC with CO2 

capture configuration of 15.32%, from 1698 $/kW to 1438 $/kW. This is due to a reduction 

in the cost of the absorption part of the capture unit and also a reduction in the cost of the 

HRSG caused by a reduction in the total volume of exhaust gas. The reduction of the 

volumetric flow leads a reduction in cross sectional area of the HRSG. Also, the complexity 

and the number of heat exchangers are smaller as the HRSG is a single pressure system 

instead of a triple pressure system. The contribution of the gas turbine to the overall power 

output is much lower than in the NGCC. Effectively, the number of gas turbine trains is 

reduced from 2 to 1. The additional investments in the steam cycle are compensated by the 

removal of a gas turbine train, leading to 11% lower power plant specific investment than 

NGCC with capture. The investment in the steam part of the power cycle (steam turbines, 

cooling system and BOP) increases to generate more power from the heat recovered in 

SSFCC.  

In all the cases, as the power plants are designed to operate with CO2 capture, the LP steam 

turbine size is smaller than if it would operate without capture. The results of the NGCC 

power plant are in good agreement with other published sources (Gas Turbine Handbook, 
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2013; IEAGHG, 2012; Franco et al, 2011), and with the predictions of the commercial 

software PEACE/GT-PRO (Thermoflow, 2013) as shown in Table 4.8.  

Table 4.7. Estimated specific investment for the natural gas combined cycle with and without 

capture and subcritical sequential supplementary firing combined cycle with capture 

Plant component Unit NGCC 
NGCC 

w/capture 

Subcritical 

SSFCC 

w/capture 

Gross power output MW 928 835 839.7 

Net power output MW 909 794 781 

Power plant main items 

Gas turbine, generator and auxiliaries M$ 137 137 68 

HRSG, ducting and stack M$ 65 65 33 

Duct burner M$ 0 0 2 

Steam turbine generator and auxiliaries M$ 66 55 88 

Cooling system and miscellaneous, 

Balance of Plant (BOP) system 
M$ 69 36 68 

Subtotal M$ 336 293 260 

Total Installation costa M$ 163 142 126 

Bare Erected Cost (BEC) M$ 499 434 386 

Indirect costb M$ 70 61 54 

Engineering Procurement and 

Construction (EPC) 
M$ 569 495 440 

Contingencies, owner’s costsc M$ 134 116 103 

Total Capital Requirement (TCR) 

power plant 
M$ 703 611 544 

Capture plant main items 

Flue gas cooling M$ NA 21 11 

CO2 absorber & flue gas re-heater M$ NA 110 55 

Rich/ lean amine circulation M$ NA 6 6 

Stripping section M$ NA 139 139 

Ancillaries M$ NA 5 5 

Suporting facilities & labor (direct and 

indict)d 
M$ NA 61 47 

Subtotal M$ NA 342 262 

Installation coste M$ NA 128 98 

BEC M$ NA 470 361 

EPC, Contingencies and owner's costsf M$ NA 216 166 

Total Capital Requirement (TCR) 

capture plant 
M$ NA 687 527 

Total Capital Requirement (TCR) 

CO2 compressiong 
M$ NA 49 53 

Specific investment – Gross $/kW 757 1614 1337 

Specific investment – Net $/kW 773 1698 1438 
a 49.8% of subtotal cost (IEAHGH, 2012) 
b14% of BEC (cost Franco et al, 2012) 
c 23.5% of EPC (IEAHGH, 2012) 
d 2.7 % of the total equipment cost (IEAHGH, 2012) 
e 37.5% of subtotal cost (IEAHGH, 2012) 
f 46% of BEC (IEAHGH, 2012) 
g Hendriks et al (2003), includes installation, indirect costs, contingencies and owner’s costs 
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Table 4.8. Comparison of the estimated cost in this study with other published sources 

Reference 

Size of NGCC 

(MW) without 

capture 

Estimated 

cost 

($/kW)  

Size of NGCC 

(MW) with 

capture 

Estimated cost 

(M$) with 

capture 

Gas Turbine 

Handbook, 20131 
913 757 ---  ---  

Franco et al, 20112 830 737.29 710 1134 

GHGT-12, 20122 910 749.64 786 1662 

Thermoflow, 2013 850 785.8 ---   --- 

In this study 909 773 794 1698 
1The cost reported in Gas Turbine handbook of 538 $/kW includes only BOP and construction so to be 

comparative with this study, additional 40% of that cost was included.  
2The Chemical Engineering Plant Cost Index (2013) is used to update the cost of equipment from 969.9 €/kW 

reported by Franco et al, (2011) and the cost reported in GHGT-12 (2012) to 2013; and a currency exchange of 

0.8 EUR/USD in 2014 is used 

4.3.7.2 Operation and maintenances cost O&M 

Information for the operation and maintenance fixed and variable costs (O&M) for case 

studies for the power plant section are provided by Costs and benchmarks for the 

development of investment projects in the Mexican electricity sector (COPAR, 2013), which 

gives information for Mexico regarding new power plant projects in Mexican Federal 

commission of electricity. The estimation includes the expenses for consumables and 

chemical solvent make-ups (variable) as well as costs for maintenance and labour. 

Variable O&M costs for CO2 capture plant studies are calculated and considered make up of 

water and chemicals such as soda ash, corrosion inhibitor, activated carbon, molecular sieve, 

and diatomaceous. The variation of these chemicals varies according to the amount of MEA 

make up reported in DOE/NETL (2007).  Solvent make up is estimated as 2.4 kg MEA/t 

CO2 for the NGCC case with 13% v/v O2 in the flue gas (Gorset, 2014) and 1.5 kg MEA/t 

CO2 for the SSFCC cases for O2 concentrations similar to coal flue gas (below 4% v/v) 

(Rubin and Rao, 2002; DOE, 2007).  

The O&M for NGCC and subcritical SSFCC are provided in Table 4.9. The operating costs 

of a conventional NGCC configuration increase by 70.2%, from 30.9 to 52.6 M$ (million 

dollar), when capture is added. The variable operating costs of the capture unit decrease for 

the SSFCC configuration compared to the NGCC with CO2 capture. Mainly this reflects the 

benefits of having lower solvent degradation with lower oxygen concentrations in the flue 

gas.   
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Table 4.9. Operating and maintenance cost (O&M) of the power plant and CO2 capture plant 

for the natural gas combined cycle and subcritical sequential supplementary firing combined 

cycle 

  
Unit NGCC 

NGCC with 

capture 

Subcritical 

SSFCC 

Power plant M$   M$ M$ 

Fixed O&M costsa M$ 13.3 11.6 11.4 

Variable costa M$ 17.6 15.4 15.2 

CO2 capture and compression         

Fixed O&M costsb M$ NA 14.7 11.6 

Variable costc M$ NA 10.9 7.4 

Total M$ 30.9 52.6 45.5 

Total O&M – net $/kWh 4.85 9.46 8.32 
aCOPAR (2013) 
b2% TCR CO2 capture plant including compression (IEAGHG, 2011) 
cSolvent make up is estimated as 2.4 kg MEA/t CO2 for the NGCC case with 13% v/v O2 in the flue gas 

(Gorset, 2014) and 1.5 kg MEA / t CO2 for the SSFCC cases for O2 concentrations similar to coal flue gas 

(below 4% v/v) (Rubin and Rao, 2002; DOE, 2007) 

4.3.7.3  CO2 Transport cost 

The total cost of CO2 transport is provided in Table 4.10. The cost of geological storage is 

not included as the CO2 produced is considered for EOR. Only transport considering 100 km 

approximately from the power plant and the oil field as indicated in the DOE study. The CO2 

conditions considered in this study are at a pressure of 150 bar and 95% CO2 purity for the 

purpose of EOR projects (DOE/NETL, 2012). The economic evaluation of EOR project is 

not evaluated in this work as it is assumed that this work finishes when the CO2 is given and 

sold to the oil company. However, the CO2 price is analysed in a sensitivity analysis in order 

to evaluate its implication in the cost of electricity.  

Table 4.10. Total cost of CO2 transport for the natural gas combined cycle and subcritical 

sequential supplementary firing combined cycle 

  
Unit NGCC 

NGCC with 

capture 

Subcritical 

SSFCC 

CO2 transporta M$ NA 7.0 8.2 

  $/kW NA 8.9 10.5 
 a 3.65 $/tCO2 in 2011 dollar (DOE/NETL, 2013) 3.51 $/tCO2 in 2013 dollar (Chemical Engineering index 

2013) 
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4.3.7.4  Levelised cost of electricity 

The levelised cost of electricity (LCOE) is calculated by annualizing the total capital cost 

and the total operating and maintenance costs and variable costs in $/MWh. The net 

electricity produced and sold, the operating, maintenance and fuel cost are considered 

constant over the life of the plant based on constant dollar. Carbon prices are not included in 

this analysis. Then, the simplified equation for these conditions is expressed by Equation 4.7 

reported by Rubin et al (2013). All assumption for estimating the levelised cost of electricity 

is shown in Table 4.11.  

𝐿𝐶𝑂𝐸 =
(𝑇𝐶𝑅)(𝐹𝐶𝐹) + 𝐹𝑂𝑀 

(𝑁𝑒𝑡 𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡)(𝐶𝐹)(8760)
+ 𝑉𝑂𝑀 + (𝐻𝑅)(𝐹𝐶) + 𝑇𝐶𝑂2 Equation 4.7 

𝐹𝐶𝐹 =
𝑟(1 + 𝑟)𝑇

(1 + 𝑟)𝑇 − 1
   Equation 4.8 

Where  

TCR    Total capital requirement ($) 

FCF    Fixed charge factor  

FOM    Fixed operating and maintenance (O&M) costs ($) 

Net power output Net power output (MW) 

CF     Capacity factor (-) 

VOM    Variable operating and maintenance O&M costs ($ / MWh) 

HR    Net power heat rate (MMBTU/MWh) 

FC    Fuel cost per unit of energy ($/MMBTU) 

 r    Interest rate (-)  

T    Economic life of the plant (30 years in this study) 

TCO2    CO2 transport cost ($/MWh) 

Table 4.11. Summary of key assumptions for estimating cost 

Capture level for post-combustion capture plant % 90 

Power plant fixed cost (COPAR 2012) $/MW-year 14,594 

Power plant variable cost (COPAR 2012) $/MWh 2.77 

Annual fixed capture plant related to CAPEX % 2.0 

Interest rate or discount rate % 10 

Plant life (COPAR 2012) years 30 

Load factor for new plant, assumed to be all at full output 

(COPAR, 2012) 
% 80 

Running hours per year for retrofit load factor hrs/yr 7008 

Variable costs for new plant, before capture basis $/MWh 2 

CO2 emission price $/tCO2 0 
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4.3.8 Total revenue requirement sensibility and decision diagram   

The values provided in Tables 4.7, 4.9, 4.10, and 4.11 are used to estimate the levelised cost 

of electricity (LCOE) using the Equation 4.7 and then calculate the total revenue requirement 

(TRR).  The TRR is defined as the total revenue necessary for the project to break even. It is 

quantified at different CO2 selling prices using Equation 4.9.  

TRR = LCOE – EOR revenue    Equation 4.9 

Where  

TRR   Total revenue requirement ($/MWh)  

LCOE   Levelised cost of electricity ($/MWh) 

EOR revenue  Revenue for selling CO2 in $/MWh is calculated using the Equation 4.10 

𝐸𝑂𝑅 𝑟𝑒𝑣𝑒𝑛𝑢𝑒 =
𝐶𝑂2 𝑠𝑒𝑙𝑙𝑖𝑛𝑔 𝑝𝑟𝑖𝑐𝑒 × 𝑙𝑒𝑣𝑒𝑙𝑖𝑠𝑒𝑑 𝑓𝑙𝑜𝑤 𝑜𝑓 𝐶𝑂2𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑

𝑛𝑒𝑡 𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡
 Equation 4.10 

Where  

CO2 selling price CO2 price ($/tonneCO2)  

Net power output Net power generated in power plant with CO2 capture (MW) 

𝑙𝑒𝑣𝑒𝑙𝑖𝑠𝑒𝑑 𝑓𝑙𝑜𝑤 𝑜𝑓 𝐶𝑂2𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑  is in (tonne/h) 

The following underlying assumptions are used in this analysis: 

1. There is no carbon price associated with the residual carbon emissions  

2. It is financially worth building a new NGCC plant with capture in the electricity 

market where all the possible configurations of plants would operate 

3. Therefore, the electricity selling price averaged over the life of a plant is at least 

higher than the LCOE of the NGCC plant with capture.  

The cost impacts of CO2-EOR sales are investigated, with a sensitivity analysis of the capital 

of the SSFCC configuration, in Figure 4.12 the subcritical SSFCC configuration is more 

sensitive to variation of the CO2 selling price mainly because of the additional revenue from 

selling CO2 for EOR, normalised per unit of energy. With respect to the price of crude oil, 

the commercial CO2 price decreased within the range from 25 to 65 $/tonne when the crude 

oil price is $100/barrel to 45 $/tonneCO2 at oil price of 70 $/barrel (Zhai and Rubin, 2013; 

National Energy Technology Laboratory, 2012 and 2010). In this analysis, the CO2 sale price 

covers a range from 0 to $50/tonneCO2 and the gas price from 2 to 6 $/MMBTU, indicating 

that: 
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- For a gas price of 6 $/MMBTU (5.69 $/GJ), the total revenue requirement lines of 

the subcritical SSFCC configuration intersect with the total revenue requirement line 

of the NGCC configuration at a breakeven CO2 selling price of 37 $/tonne CO2, as 

shown in Figure 4.12. With a relative reduction of capital cost of 10% of the SSFCC 

configuration, the lines intersect at 7.5 $/tonne CO2.For a CO2 selling price above 

the breakeven value in the intersection, the subcritical SSFCC plant with CO2-EOR 

has a smaller TRR than the NGCC plant and would generate additional revenues if 

both configurations receive the same electricity selling price.  

- For a gas price of 4 $/MMBTU (3.79 $/GJ), the two total revenue requirement lines 

intersect at a breakeven CO2 selling price of 2.5 and 33.5 $/tonne CO2 for variations 

of the capital costs of the SSFCC configurations of 0 and 10%.  

- For a gas price of 2 $/MMBTU (1.896 $/GJ) in Mexico, the current price at the time 

of writing this thesis (Regulatory Commission of Energy, 2016), the subcritical 

SSFCC configuration presents the lowest total revenue requirement for all CO2 

selling price and for capital costs varying from -20% to 10%. At an increment of 

20% relative, the lines intersect at a breakeven CO2 selling price of 30 $/tonne CO2.  

This analysis is summarised in a decision diagram in Figure 4.13 for a difference range of 

capital cost estimates for the subcritical SSFCC configuration and a range of gas prices. 
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Figure 4.12. Total revenue requirement for a subcritical sequential supplementary firing configuration and a conventional natural gas combined cycle 

configuration for a range of representative CO2 price for EOR and fuel prices. The relative variation in capital costs of the subcritical sequential 

supplementary firing configuration (ΔCAPEX) ranges from -20% to 20%. The vertical lines indicate the breakeven CO2 price of equal total revenue 

requirements 
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Figure 4.13. Decision diagram for a range of capital cost estimates and gas prices  
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4.4 Sequential supplementary firing with a supercritical combined 

cycle  

4.4.1 Performance assessment 

This second configuration is a supercritical SSFCC configuration and consists of one train of 

GE 937 IFB gas turbine, the HRSG is a single pressure Once Through Steam Generator type 

supplying heat to a double reheat combined cycle with four steam turbines, as shown in 

Figure 4.14. An HRSG design for supercritical steam conditions is a once-through steam 

generator with the main advantages of size reduction, a simplified control system, and fast 

start up (Innovative Steam Technologies Company, 2012). Nevertheless, advanced alloys, 

such as Incoloy Alloy 800 & 825, a nickel and iron-chromium enriched alloy with additions 

of molybdenum and copper, are required compared to a conventional HRSG, with Stainless 

Steel 304 (Innovative Steam Technologies Company, 2012). 

The gas turbine is identical to the gas turbine of the conventional NGCC and of the 

subcritical SSFCC configurations. The capacity of the combined cycle is higher than the 

subcritical configuration since there is an increment in the marginal thermal efficiency of the 

additional gas usage with supercritical steam conditions. The configuration of the steam 

turbines is adapted from a configuration described by Kjaer (1993) for a pulverised coal 

power plant. As in the subcritical SSFCC configuration, supplementary gas is burned in 5 

stages throughout the HRSG to reduce the excess O2 down to a concentration of 1 % v/v.  

With sequential supplementary firing, supercritical steam conditions of 630 °C, 601.5 °C, 

290 bar (McCauley, et al, 2012; Salazar-Pereyra, et al, 2011; Satyanarayana, et al, 2011, 

Cziesla et al, 2009) increase the average temperature of heat addition to the steam cycle. The 

absence of phase change between the evaporator to the superheater allows for a reduction in 

heat transfer irreversibilities with lower temperature difference between the flue gas and the 

turbine working fluid. The pinch point of the HRSG is reduced with supercritical conditions 

from 70 °C to 27 °C seen in Figure 4.15 and the marginal thermal efficiency of natural gas 

usage is increased from 36.0% to 40.2% shown in Table 4.12.  

Table 4.12 presents the performance assessment of the supercritical SSFCC configurations 

and compares it to the equivalent subcritical configuration. With additional fuel being burnt 

in one HRSG with supercritical steam conditions, the capacity of the steam turbine increases 

from 245 MW to 589 MW compared to the conventional NGCC configuration.  
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Figure 4.14. Schematic process flow diagram of a supercritical sequential supplementary firing configuration with one GE 937 IFB/single pressure 

HRSG train combined cycle with a double reheat steam cycle simulated in Aspen Hysys@
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Figure 4.15. Temperature/heat diagram for the Heat Recovery Steam Generator of a five stage sequential supplementary firing configuration, with a 

double reheat combined cycle and supercritical steam conditions (630 °C, 601.5 °C, 295 bar). The two pinch temperatures ΔT1, ΔT2 are respectively 

27ºC, 36ºC 
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In power plant with single reheating the cold reheat temperature will get lower and lower 

when the live steam pressure is increased, and from a thermodynamic point of view this is 

disadvantageous. The temperature drops at 300 °C with a live pressure of 300 bar in coal 

power plant (Kjaer, 1993). Then the steam flowing to the reheater is not much warner than 

the feedwater. Therefore, reheating does not contribute much to raising the temperature level 

of the boiler’s heat supply. For that reason, as the live steam pressure is increased it will be 

necessary to introduce double reheating. Double reheat is recommended by steam suppliers 

for a live steam pressure of 300 bar (Kjaer, 1993). Figure 4.16 shows the expansion lines of 

the supercritical double reheat combined cycle and the subcritical single reheat combined 

cycle on an enthalpy-entropy diagram, data is taken from the Aspen Hysys@ simulation. In 

the supercritical Rankine cycle with double reheat, steam is expanded from 295 bar to 80 bar 

in the Very High Pressure (VHP) turbine and sent back to the HRSG where it is reheated in 

Reheater RH2 of Figure 4.14. Steam then expands in the HP steam turbine down to around 

42 bar and is sent back to the HRSG where it is reheated in Reheater RH1. The steam 

temperature rises to 601°C before it is expanded in the IP steam turbine.  

 

Figure 4.16. Enthalpy-entropy diagram of the supercritical Rankine cycle with double reheat 

and the subcritical Rankine cycle with single reheat. Results from Aspen Hysys@ simulation 
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The total net power of the supercritical SSFCC configuration is 824 MW, compared to 794 

MW with a NGCC and 781 MW with subcritical SSFCC. The thermal efficiency of the 

supercritical SSFCC configuration with post-combustion capture is 45.6 % LHV, compared 

to 43.1% for a subcritical SSFCC, as shown in Table 4.12. However, there are cost 

implications: The HP part of the combined cycle, including the HP steam turbine, valves, 

pipework, and the HP requires being of supercritical design which means additional capital 

cost. 

Table 4.12. Summary of key parameters of a sequential supplementary firing with single 

pressure HRSG and a double reheat supercritical steam cycle with CO2 capture (steam 

condition for the reboiler T=138 ºC, 3 bar) 

Concept Unit 
Supercritical 

SSFCC 

Subcritical 

SSFCC 

LHV net electric efficiency1 % 45.6 43.1 

Gas turbine power output  MW 296 296 

Steam cycle power output MW 589 545 

Total LHV gross power output MW 884 840 

Total LHV net power output  (including 

CO2 compression and other archillaries) 
MW 824 781 

Mass flow rate of natural gas to gas turbine kg/s 16.6 16.6 

Mass flow rate of natural gas for 

supplementary firing 
kg/s 22.2 22.2 

Marginal efficiency of natural gas fired in 

HRSG (LHV) 
% 40.2 36 

Marginal efficiency of natural gas fired in 

HRSG (LHV) without post-combustion 

capture (for comparative purposes only) 

% 49.1 44.7 

Electricity output penalty  kWhe/tonneCO2 350 362 

Carbon intensity of electricity generation kgCO2/MWh 45.0 47.5 

Flue gas mass flow rate kg/s 696 696 

Flue gas composition after direct contact cooler 

Water (H2O) % vol 4.29 4.29 

Carbon dioxide (CO2) % vol 10.87 10.87 

Oxygen (O2) % vol 1.312 1.312 

Nitrogen (N2) % vol 83.52 83.52 

CO2 mass flow to pipeline kg/s 93 93 

Capture level % 90 90 

Solvent energy of regeneration GJ/tonneCO2 3.42 3.42 

Steam mass flow to solvent reboiler kg/s 157 145.6 

Number of absorber trains  2 2 

Diameter m 15.5 15.5 

Absorber height m 21 21 

Volume of packing used for CO2 capture 

(not including water wash sections) 
m3 8130 8130 

1LHV net electric efficiency includes CO2 compression and parasitic losses and transformed losses are included 
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4.4.2 Cost estimation of supercritical SSFCC 

The methodology used to estimate the cost of the supercritical SSFCC configuration is 

identical to the subcritical one described in section 4.3.7. For supercritical steam conditions, 

the cost estimate of the HRSG in sections with high temperature is based on Equation 4.11, 

where a factor N=3.3 (World steel prices, 2013) is used to account for the use of more 

expensive alloys to support supercritical conditions. The specific investment of supercritical 

SSFCC is reported in Table 4.13.  

𝐶 = 𝐶0 [
𝑈𝐴

𝑈0𝐴0
]

𝑓
N          Equation 4.11 

Table 4.13. Estimated specific investment for the supercritical sequential supplementary 

firing combined cycle with capture 

Plant component Unit 
Supercritical SSFCC 

w/capture 

Gross power output MW 884 

Net power output MW 824 

Power plant main items 

Gas turbine, generator and auxiliaries M$ 68 

HRSG, ducting and stack M$ 88 

Duct burner M$ 2 

Steam turbine generator and auxiliaries M$ 108 

Cooling system and miscellaneous, BOP system M$ 64 

Subtotal M$ 331 

Total Installation costa M$ 161 

BEC M$ 492 

Indirect costb M$ 69 

EPC M$ 561 

Contingencies, owner’s costsc M$ 132 

TCR power plant M$ 693 

Capture plant main items 

Flue gas cooling M$ 11 

CO2 absorber & flue gas re-heater M$ 55 

Rich/ lean amine circulation M$ 6 

Stripping section M$ 139 

Ancillaries M$ 5 

Suporting facilities & labor (direct and indict)d M$ 47 

Subtotal M$ 262 

Installation coste M$ 98 

BEC M$ 361 

EPC, Contingencies and owner's costsf M$ 166 

TCR capture plant M$ 527 

TCR CO2 compressiong M$ 53 

Specific investment – Gross $/kW 1,439 

Specific investment – Net $/kW 1,544 
a49.8% of subtotal cost (IEAHGH, 2012); b14% of BEC cost (Franco et al, 2012); c 23.5% of EPC (IEAHGH, 2012); d2.7 % of 

the total equipment cost (IEAHGH, 2012); e37.5% of subtotal cost (IEAHGH, 2012); f46% of BEC (IEAHGH, 2012); 
gHendriks et al (2003), includes installation, indirect costs, contingencies and owner’s costs 



SSFCC in NGCC with PCC 
 

106 

When compared with the conventional NGCC configuration, there is a reduction in the total 

specific investment of 9.1%, equivalent to 75 M$, lower than for the subcritical 

configuration with 15.32% and 264 M$ respectively. The O&M are provided in Table 4.14. 

Since the fuel thermal input is the same for both configurations with sequential firing, the 

amount of CO2 generated is the same. Total cost of CO2 transport is provided in Table 4.10. 

Table 4.14. Operating and maintenance cost (O&M) of the power plant and CO2 capture 

plant for the supercritical sequential supplementary firing combined cycle 

  Unit Subcritical SSFCC 

Power plant M$ M$ 

Fixed O&M costsa M$ 12.0 

Variable costa M$ 16.0 

CO2 capture and compression     

Fixed O&M costsb M$ 11.6 

Variable costc M$ 7.4 

Total M$ 47.0 

Total O&M - net $/kWh 8.14 
aCOPAR (2013); b2% TCR CO2 capture plant including compression (IEAGHG, 2011) 
cSolvent make up is estimated as 2.4 kg MEA/t CO2 for the NGCC case with 13% v/v O2 in the flue gas 

(Gorset, 2014) and 1.5 kg MEA / t CO2 for the SSFCC cases for O2 concentrations similar to coal flue 

gas (below 4% v/v) (Rubin and Rao, 2002; DOE, 2007) 

4.4.3 Total revenue requirement and sensitivity to gas price and CO2 

selling price of supercritical SSFCC 

The TRR of the supercritical configuration is evaluated and then compared with the 

corresponding subcritical configuration. Figure 4.17 (Figure 4.18 shows the absolute TRR) 

shows a reduction of the total revenue requirement of supercritical with respect to subcritical 

SSFCC at 0-50 $/tonne CO2 selling price and gas price in a range from 2-6 $/MMBTU. The 

supercritical SSFCC configuration presents overall a lower TRR than a subcritical 

configuration. This is due to an improvement in efficiency associated with supercritical 

steam conditions and the fact that revenue from CO2 sales is identical to the subcritical 

configuration. If both configurations of CCS power plants were receiving the same 

electricity price and the same CO2 price, the supercritical configuration would receive higher 

revenue over the economic life chosen for this analysis. It can be concluded that a 

supercritical combined cycle is an improvement to a subcritical combined cycle in this 

context, as it presents consistently a lower TRR in a range of gas price from 6 to 2 

$/MMBTU and when the CO2 captured is utilized for EOR at commercial prices from zero 

to 50 $/tonneCO2. However, supercritical combined cycles have not been rolled out 

commercially yet, compared with subcritical SSFCC that uses existing off-the-shelf 

solutions. 
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Figure 4.17. Reduction in total revenue requirement for sequential supplementary firing combined cycle plant with supercritical steam conditions 

compared to a subcritical configuration, for a range of representative CO2 price for EOR and fuel prices 

 

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

0 10 20 30 40 50

A
b

so
lu

te
 c

h
an

g
e 

in
 T

o
ta

l 
R

ev
en

u
e 

R
eq

u
im

er
en

t 

($
/M

W
h
)

CO2 price for EOR ($/tonneCO2)

2 $/MMBTU 4 $/MMBTU 6 $/MMBTU



 
 

108 

 

Figure 4.18. Total revenue requirement for supercritical sequential supplementary firing combined cycle plant with supercritical steam conditions, for a 

range of representative CO2 price for EOR and fuel prices 
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4.5 Conclusions 

The integration of sequential supplementary firing combined cycle plants is examined in the 

context of deploying CCS with Enhanced Oil Recovery in Mexico. A new design of heat 

recovery steam generator is proposed where additional fuel is combusted to increase the 

volumes of carbon dioxide available for EOR. The maximum amount of CO2 is produced by 

reducing excess oxygen levels as low as practically possible (of the order of 1% v/v).  

The total power output of a sequential supplementary firing configuration with CO2 capture, 

consisting of a single gas turbine and heat recovery steam generator train, is 824 MW with a 

supercritical combined cycle, 781 MW with a subcritical combined cycle, compared to 794 

MW for a conventional NGCC configuration with capture with two gas turbines and two 

HRSGs. The difference in the power output is due to the design of the heat recovery steam 

generator where additional fuel burnt increases heat available for steam generation in the 

combined cycle. This allows a reduction by half of the number of GT/HRSG trains and of 

the total volume of flue gas. This has a positive impact on the number of direct contact 

cooler and absorbers required in the post combustion capture plant. The reduction of overall 

capital costs is, respectively, 9.1 % relative and 15.3% relative for the supercritical and the 

subcritical configurations compared to the conventional configuration with capture. Both 

sequential supplementary firing configurations also present a reduction in the electricity 

output penalty compared to a conventional NGCC plant with capture.  

The sensitivity of total revenue requirements for low-carbon electricity generation, a metric 

combining levelised cost of electricity and revenue from EOR, to CO2 prices and fuel prices 

is used to compare configurations. Since capital cost estimates are bound to include large 

biases and uncertainties, I perform a sensitivity analysis showing that our conclusions are 

robust over a range of gas prices and CO2 prices for EOR, and that sequential supplementary 

firing is advantageous in the context of North American gas prices. A comparison between 

subcritical and supercritical SSFCC configurations shows that improvements in power plant 

efficiency with supercritical steam conditions consistently result in a lower TRR. At gas 

prices ranging from 2 to 6 $/MMBTU, supercritical SSFCC may receive additional revenues 

ranging from 1.5 to 4$/MWh for CO2 prices ranging from 0 to 50$/tonne CO2 compared to 

subcritical configurations. Further work is needed to include site specific considerations and 

detailed capital estimates beyond the work included in this study, which is effectively a very 

first attempt at assessing the feasibility and validity of the concept in the context of CCS in 

Mexico, with access to affordable natural gas prices and likely revenues from Enhanced Oil 

Recovery. 
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5. Part-load operation of sequential supplementary 

firing combined cycle power plant with CO2 

capture  

5.1 Introduction 

Power plants operate at part-load due to variations in electricity demand caused by weather 

conditions, seasonal, daily and hourly changes in demand, e.g. there is a difference between 

week days and weekend days (Mexican Ministry of Energy, 2012). In the future, the 

electricity demand will be influenced by the introduction of intermittent renewable energy. It 

is expected that the installed wind power capacity will increase from 1.8 % in 2014 to 10.9% 

in 2028 (Federal Commission of Electricity, 2014). One characteristic of NGCC power 

plants is their flexibility to change power output according to electricity demand (IEAGHG, 

2012). Therefore, it is necessary to evaluate and to ensure the continuity of flexibility in the 

operation of new alternatives proposed to decarbonise the electricity market. Any novel 

alternative with carbon capture should not impose a constraint to this need for flexibility. 

The part-load performance of NGCC plants with carbon capture has been evaluated by 

Rezazadeh et al, (2015) and Karimi et al, (2012). Rezazadeh et al, (2015) concluded that a 

NGCC with CO2 capture is viable to operate at part-load down to 60% of the nominal load of 

the gas turbine but with penalty in the power output and efficiency. Kehlhofer, et al, (2009) 

and Elmasri, et al (2002) suggest that the optimum way to operate a NGCC is using the 

variable inlet guide vanes (IGV) at off-design operation. To change the load of a NGCC, the 

fuel and air mass flows must be reduced simultaneously. The air flow rate is regulated using 

the variable IGV. The inlet guide vanes are also known as stators, and are located in front of 

the first stage of the compressor of a gas turbine engine. The compressor of the gas turbine 

can have fixed or variable IGVs.  

Karimi et al, (2012) investigated two operation strategies for the gas turbine: variable IGV 

(reducing the air and the fuel) and fixed IGV (reducing only the fuel of the GT combustor); 

and two alternatives of integration for extracting steam from the cross-over: with and without 

a throttling valve at the inlet of the LP turbine. Results show that the net efficiency of the 

variable IGV gas turbine is about 6.2% points higher than the efficiency with constant IGVs 

gas turbine at 50% of the nominal load. In addition, a power plant with a throttled valve 

configuration for steam extraction has a better performance than the sliding configuration. 



Part-load operation of SSFCC cycle power plant with CO2 capture 
 

112 

The reason for this is that at full load in sliding pressure, the pressure is 5 bar; and in fixed 

pressure it is kept constant at 4 bar at different loads of the NGCC. Rezazadeh et al, (2015) 

only evaluated the use of variable IGV and purely sliding steam extraction. 

Three important aspects are of critical importance to be analysed at part-load operation of a 

power plant integrated with CO2 capture and the compression system: 

1. Power plant part-load operation strategy 

2. Operating strategy of the CO2 capture and compression system 

3. The integration of the power plant and capture and compressor unit  

This chapter focuses on evaluating and defining the power plant operating strategy of a 

supercritical and a subcritical SSFCC configuration integrated with MEA-based CO2 

capture. This is a novel contribution of this thesis, where the objective is to maximise power 

for any given fuel input and revenues from electricity and CO2 production. The operating 

strategy and the integration of the capture and compression system are based on the state of 

the art. The operating strategy of the power plant is novel, since supplementary firing adds a 

level of permutation not encountered in conventional configurations. Unlike conventional 

configuration, in SSFCC the fuel input can be adjusted in the GT or in the HRSG. This is an 

additional degree of freedom. 

For the purpose of part-load study, a different version of the gas turbine 9FB has been used 

because more details were available to validate the model of the conventional NGCC in 

Aspen plus®. The main difference between the gas turbine from the previous sections lies in 

the compressor which has lower efficiency. However, both have similar capacity. The gas 

turbine 9FB and the HRSG of the NGCC have been modelled in Thermoflow (2013) by 

Alcaraz, (2015), and the date has then correlated the results, which are used in this thesis. 

The performance of the gas turbine 9FB from Alcaraz, (2015) is validated with information 

from a thermal test of the 9FB published by Ol’khovskii, et al, (2013). Thermoflow is a suite 

of software which includes GT PRO, GT MASTER and Thermoflex programs. GT PRO is a 

leading gas turbine and combined cycle modelling program that utilises a database of gas 

turbines with mapped performance curves. GT master enables the performance of off-design 

scenarios to be modelled i.e. at part-load (IEAGHG, 2012; Karimi et al, 2012).   

The configuration and operating parameters for the HRSG of the conventional NGCC 

configuration at design condition have been taken from Thermoflow data. At part-load, the 

model for the HRSG and steam turbines of the NGCC is based on typical modelling 

principles, such as Stodola ellipse low for steam turbines, heat transfer fundamentals in the 
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HRSG, and relevant pressure drop equations that are described with details in the next 

sections. In order to solve the equation system, the number of equations must be equal to the 

number of variables. The equation system is solved in Aspen Plus® to estimate the steady 

state performance at design and part-load conditions using an equation‐oriented approach. 

The efficiency of SSFCC power plant configuration at part-load is an important parameter 

and the criteria to decide the mode of operation of the plant. 

The results at part-load in the integrated Aspen Plus® model are in good agreement with 

Thermoflow data, which allow the use of the same assumptions and equations for SSFCC. 

Start-up/shut-down and variation of the performance with environmental conditions are 

outside the scope of this study.  

In the first section of this chapter, operating strategies are defined for all case studies. Then, 

the thermodynamic model for the gas turbine, HRSG, and steam turbine of the power plants 

at part-load are described in detail. Finally concluding remarks are given in the last section.   

5.2 Operating strategy at part-load 

5.2.1 Gas turbine 

A gas turbine in a combined cycle configuration operates at part-load with varying airflow 

rates using the IGV. As the gas turbine changes its load, the steam turbine output adjusts 

automatically. The overall efficiency depends on the efficiency of the gas turbine. The 

optimum mode to operate a NGCC plant is using variable IGV from 40% to 100% load of 

the gas turbine (Kehlhofer, et al, 2009). When a power plant combined cycle has 

supplementary firing, the steam cycle is controlled independently of the gas turbine, and the 

power demand is regulated by the amount of fuel burnt in the duct burners as in a 

conventional boiler (Kehlhofer, et al, 2009).   

5.2.2 Boiler and steam cycle  

There are two common ways to operate a steam cycle and boiler: sliding and fixed pressure 

control modes. 

Sliding pressure control: In this case, inlet turbine areas remain constant, and the live steam 

pressures will naturally result, function of the live steam flows (turbine loads) (Darie et al, 

2007). Pressure is reduced by controlling the discharge pressure of feed pumps. In a NGCC, 

the steam cycle functions most economically using sliding pressure from 100% to 50% load, 

shown in Figure 5.1, allowing for fast start-up. This alternative offers greater flexibility.  
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Fixed pressure control:  In constant live steam pressure operation mode, the pressure of the 

steam is maintained constant in the boiler, controlling admission to the steam turbine using a 

throttle valve. Throttle-controlled turbines at constant pressure suffer in efficiency at part 

loads. This is characterised by exegetic losses (Darie et al, 2007). Nozzle-controlled turbines 

also operate with the boiler at constant pressure and have nearly the same efficiency as at 

sliding pressure (Vitalis, 2006). They are not commonly used in combined cycle plant. 

A supercritical conventional power plant is able to operate with sliding pressure as load is 

varied. However, the boiler must be designed to accommodate both single and two-phase 

flow, resulting in additional capital cost but also higher efficiency at part-load. Alternatively, 

it must be operated at fixed pressure in order to maintain a single phase with supercritical 

steam conditions at off-design. This results in a drop in efficiency but provides a fast 

dynamic response (Vitalis, 2006).    

 

Figure 5.1. Sliding pressure operations up to 50% load in a natural gas combined cycle 

(Kehlhofer, et al, 2009) 

The minumun reduction of aceptable part-load of a conventional NGCC is 

appoximately 50% and it is based on the following reasons (Kehlhofer, et al, 2009):  

1. Below 80% load of the gas turbine, the inlet temperature must be reduced, 

which results in a fast reduction of the gas turbine effciency.  

2. Below 45% load of the NGCC, the temperature of the exhaust gas decreases 

drastically as shown in Figure 5.2. from 590°C to 500°C affecting the 

temperature of the steam turbine which reduces from 567°C to 490°C 
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3. The steam turbine is operating with sliding pressure down to about 50% load 

(steam flow through turbine) as shown in Figure 5.1. Below 50% load, the live-

steam pressure is held constant in the HRSG in order to increase the utilisation 

of the exhaust gas and is then controlled by the steam turbine inlet valve. This 

results in throttling losses and increasing stack loases  

 

Figure 5.2. Ratio of steam turbine and gas turbine output and live-steam data of a combined 

cycle plant at part-load (Kehlhofer, et al, 2009) 

The pressure and temperature of the main steam of a steam turbine at design conditions are 

based on information data from Thermoflow (2013), which utilises a database of gas and 

steam turbines with mapped performance curves provided by manufactures and supplies.  

The reason of that is to ensure that available steam turbines are used in this study. High 

temperature of the main live steam improves thermodynamics of the water/steam cycle and 

steam turbine efficiency due to the wetness in the low pressure section. However, too high a 

live steam temperature can also cause an increase in power plant cost since great amount of 

expensive material is necessary to deal with this high temperature. The exhaust gas is 

another limit for the live steam temperature level (Kehlhofer, et al, 2009). 
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5.2.3 Operating mode of sequential supplementary firing combined 

cycle 

Based on this state- of- the- art analysis of NGCC, the operation strategy of supercritical and 

subcritical SSFCC power plants is defined. As the steam cycle becomes independent from 

the gas turbine when supplementary firing is incorporated, there are two alternatives when 

varying load: fixed IGV where the gas turbine operates at full load and the desired load of 

the power cycle is reached by varying the amount of the supplementary fuel in the duct 

burners in the HRSG; and variable IGV where the desired load is reached by a combination 

of closing the IGV in the gas turbine and varying the amount of fuel in the duct burners in 

the HRSG. Sliding and fixed pressure in the steam cycle are evaluated for supercritical 

SSFCC and for subcritical SSFCC only at sliding pressure, which is the optimum way to 

operate at part-load. In the last case, as it is subcritical, it is not necessary to operate at fixed 

pressure using a throttle-controlled turbine affecting the efficiency at part loads.  

The different combinations of operating strategies under consideration for SSFCC power 

plants are summarised as follow: 

Supercritical SSFCC 

a. Gas turbine with fixed IGV and fixed pressure in HRSG  

b. Variable IGV and fixed pressure in HRSG  

c. Gas turbine with fixed IGV and sliding pressure in the HRSG 

Subcritical SSFCC 

a. Gas turbine with fixed IGV and sliding pressure in the HRSG  

b. Variable IGV and sliding pressure in the HRSG 

Only one case study for sliding pressure control in the HRSG is evaluated for supercritical 

SSFCC: with fixed IGV. It is included in order to illustrate the effect of the fixed and sliding 

pressure in the efficiency of the SSFCC power plant. The reason for this is: supercritical 

boilers can be operated in dual mode fixed and sliding pressure at expense of additional 

capital cost (Vitalis, 2006). It is necessary to evaluate the effect of the additional capital cost 

at part-load that is outside the scope of this study. In addition, the effect of variable IGV is a 

detrimental effect to the gas turbine isentropic efficiency. The efficiency of the gas turbine 

reduces at variable IGV, as mentioned previously in section 3.2.2, because below 80% load 

of the gas turbine, the inlet temperature must be reduced, in order to control the exhaust 
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temperature, which results in a fast reduction of the gas turbine effciency (Kehlhofer, et al, 

2009).  

The selected configuration and operation strategy of CO2 capture and compressor units are 

based on Sanchez-Fernandez et al, (2016); Van der Wijk et al., (2014); Liebenthal and 

Kather, (2011); and Kvamsdal, (2009) described in chapter 3.  

5.2.4 Integration of the power plant and CO2 capture and compressor 

unit   

One important issue at part load of a power plant with capture is the reduction of steam 

extraction pressure for solvent regeneration. Lower steam generation in the HRSG reduces 

flow rate across the combined cycle and all operating steam pressures. This affects the 

operation of the capture plant because of the change in steam conditions to regenerate the 

amine. Irons, (2013) suggests three alternatives for capture plant integration:   

1. Modification to IP/LP-Turbine overflow with throttle valves to maintain steam 

extraction pressure as high as possible at part load (Lucquiaud and Gibbins, 2009, 

2011). The philosophy of this strategy consists of setting the IP/LP crossover 

pressure at the desired value for a specific solvent regeneration temperature at full 

load, and then control pressure with a throttling valve upstream of the LP turbine to 

maintain pressure and, by extension, solvent regeneration temperature as high as 

possible when the IP turbine outlet pressure drops with load.   

2. IP/LP cross-over at full load and auxiliary header (9 bar) in part load  

3. IP/LP cross-over at full load and use “steam jet booster” at part load shown in Figure 

5.3 

The last two alternatives for integration proposed by Irons, (2013) are of special interest.  

Nonetheless, they have not been compared and evaluated with other alternatives already 

evaluated e.g. Sanchez Fernandez et al, (2016). As mentioned in the introduction of this 

chapter, this work is focussed on evaluating the operating strategy only for SSFCC power 

plant at part-load. The evaluation of the integration strategy is outside the scope of this study 

and is based on the state of the art. 

Sanchez Fernandez et al, (2016) evaluated two capture plant integrations: 

1. Controlled by throttling LP steam or fixed crossover pressure 

2. Floating IP/LP crossover pressure or uncontrolled extraction:  the extraction pressure 

is determined by the amount of steam extracted. The initial IP/LP crossover pressure 
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is set so that, when the predicted amount of steam is extracted for solvent 

regeneration, its pressure falls or ‘floats’ to the desired value 

According to her results, uncontrolled steam extraction (or floating pressure integration) 

provides better full and part load performance when compared to control by throttling (fixed 

pressure). Therefore, the strategy selected in this study is floating IP/LP crossover pressure 

(uncontrolled extraction). In this thesis the power plant is designed to operate with the CO2 

capture unit so the desire pressure in the cross over is set up considering the steam 

extraction. The desired pressure in the crossover used in different sources for MEA is: 4 bar 

using a throttle valve and 5 using uncontrolled extraction (Karimi et al, 2012); 3 bar (Jordal 

et al, 2012); and 3.37 bar Rezazadeh et al, (2015). All the combinations of integrated model: 

the power plant with capture plant and the compression unit cases are listed in Table 5.1.  

 

 

 

 

 

 

Figure 5.3. Schematic diagram of the integration alternative:  IP/LP cross-over at full load 

and use “steam jet booster” at part load (Irons, 2013)  

Steam jet 

booster 
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Table 5.1. Lists of option for part-load operation for the power plant, CO2 capture, and compressor unit 

 

Power plant case 

 

NGCC Supercritical SSFCC Subcritical SSFCC 

Gas turbine control Variable IGV Fixed IGV Fixed IGV Variable IGV Fixed IGV Variable IGV 

HRSG 

No  

supplementary 

firing 

Sequential 

supplementary 

firing 

Sequential 

supplementary 

firing 

Sequential 

supplementary 

firing 

Sequential 

supplementary 

firing 

Sequential 

supplementary 

firing 

Steam cycle (Pressure 

and temperature) 
Subcritical Supercritical  

Supercritical from 

85-100% and  

subcritical from 

50-85% 

Supercritical  Subcritical Subcritical 

Steam cycle control 
Sliding 

pressure 

Fixed pressure 

and throttling 

steam 

Sliding pressure 

Fixed pressure 

and throttling 

steam 

Sliding 

pressure 
Sliding pressure 

Steam extraction 
Uncontrolled 

extraction 

Uncontrolled 

extraction 

Uncontrolled 

extraction 

Uncontrolled 

extraction 

Uncontrolled 

extraction 

Uncontrolled 

extraction 

Capture plant Constant stripper pressure, variable Temperature and L/G for all cases 

CO2 compressor IGV with CO2 recycle valve and constant pressure ratio (Pinlet and Poutlet constant) 

IGV = Inlet Guide Vanes; HRSG = Heat Recovery Steam Generation; L/G = Liquid to gas ratio in the absorber; NGCC= Natural Gas Combine 

Cycle; SSFCC= Sequential Supplementary Firing Combined Cycle  
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5.3 Part-load thermodynamic modelling of power plant 

The part-load modelling of the NGCC and SSFCC power plants has three main units: the gas 

turbine, the HRSG and the steam cycle. This section describes the thermodynamic model of 

the power plant for the gas turbine and steam cycle with details. 

5.3.1 Gas Turbine 

Compressor  

The inlet guide vanes are typically located only in the first stage of the compressor due to the 

complexity of the adjusting mechanism and physical dimensional limitations. The positive 

effect of the IGV is diluted in other stages downstream of the first (Boyce, 2006). The IGV 

at the compressor inlet regulates the incoming air at the compressor suction and the 

compression ratio is reduced (Kamire, et al, 2012; Elmasri, 2002). The air regulates the 

air/fuel ratio of the gas turbine to control the load and the temperature of the exhaust gas. 

The reduction of the pressure ratio is necessary when the volumetric flow is reduced in order 

to avoid surge condition. A surging phenomenon is associated with a sudden pressure drop 

and with violent aerodynamic pulsations that are transmitted throughout the machine causing 

high oscillations in mass-flow and pressure. Oscillation produces vibrations that result in 

high stresses on the compressor components and must be avoided.  

The air enters the rotor as shown in Figure 5.4 with an absolute velocity (V) and an angle α1, 

which combines vectorially with the tangential velocity of the blades (U) to produce the 

resultant relative velocity W1 at an angle α2. Air flowing through the passages formed by the 

rotor blades gives a relative velocity W2 at angle α4, which is less than α2 because of the 

blades. The IGV is adjusted to control the axial velocity into the first stage of the compressor 

varying the angle as shown in Figure 5.4, where the new trajectory is shown by red lines 

once the IGVs are actuated. The effect of varying the angle is:  

1. Change the absolute velocity V1 that affects W1 

2. Reduce the effective throat area, which affects the mass flow 

3. Lower the pressure at the inlet which affects the pressure downstream of the 

pressure ratio of each stage 

Change of delta in relative velocity reduces work input. It is explained by the Euler turbine 

equation shown in Equation 5.1 assuming that the blade speeds at the inlet and exit of the 

compressor are the same.  
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𝐻 =  
𝑈

𝑔𝑐
(𝑉𝑍1𝑡𝑎𝑛𝛼2 − 𝑉𝑧2𝑡𝑎𝑛𝛼3) Equation 5.1 

Where 

H Energy head 

𝑈  Tangential velocity of the blade  

𝑉𝑍1  Absolute axial velocity for the rotor 

𝑉𝑍2  Absolute axial velocity for the stator 

𝑔𝑐 Gravitational acceleration  

 

Figure 5.4. Typical velocity triangles for an axial-flow compressor (Boyce, 2006) 

The behavior of compressor and gas turbine is given by performance maps. A particular 

performance map of a gas turbine can be adimensionalised with values of unity at design 

conditions for normalised flow, efficiency, and pressure ratio to create a generic performance 

map that can be used for any compressor. In this study, the compressor map of the gas 

turbine 9FB is based on Thermoflow data (Alcaraz, 2015) and validated by real information 

published by Ol’khovskii, (2013) as shown in Figures 5.5 and 5.6. It should be more accurate 

than a generic map. The pressure ratio and the efficiency of the compressor required in 

Equation 5.2 is provided by the performance map shown in Figure 5.5 and Figure 5.6. 

𝜂𝑐𝑜 = [
𝑃𝑅

𝑘−1
𝑘 − 1

𝑇𝑜𝑢𝑡 
𝑇𝑖𝑛

− 1
] Equation 5.2 

Where  

𝜂 CO  is the efficiency of the compressor (%) 
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PR  is the pressure ratio 

Tout  is the temperature at the outlet if the compressor (K) 

Tin  is the temperature at the inlet if the compressor in (K) 

k  is the isentropic exponent 
𝐶𝑝

𝐶𝑣
  

Figure 5.5 shows the variation of the pressure ratio at different mass flow for the gas turbine 

9FB from two sources. There is a difference between the two curves. The details of the 

difference in the pressure ratio are given in Ol’khovskii, (2013). The reason for this 

difference is because the information of the compressor 9FB given in Ol’khovskii, (2013) is 

an upgraded version by General Electric used in chapter 4, this has higher compressor 

efficiency. Most new gas turbines are conservatively rated when introduced and are then 

periodically upgraded by their manufactures by retrofitting new design technology (Gas 

turbine handbook, 2013). In the 9FB GTU the pressure ratio has been increased at the same 

air flow rate from 16.5 to 18 with the compressor efficiency simultaneously increased from 

88.5 to 90-90.5 %.  

In this work, information from Alcaraz, (2015) is used. The reason for that is because, unlike 

the information from Ol’khovskii, (2013) where only the gas turbine information is 

available, in Alcaraz (2015) complete information of the NGCC is available, which is useful 

to validate the conventional NGCC model. 

 

Figure 5.5. Variation of the pressure ratio at different mass flow for 9FB gas turbine 

compressor (Ol’khovskii, 2013; Alcaraz, 2015). Pressure ratio performance used in the 

simulation developed in Aspen Plus@ as an input data 
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Figure 5.6. Variation of the efficiency at different mass flow for 9FB gas turbine compressor 

(Alcaraz, 2015). Efficiency performance used in the simulation as an input data 

Combustor   

The air / fuel ratio at part-load is taken from Alcaraz (2015) as shown in Figure 5.7 and 5.8 

and validated with information published by Ol’khovskii, (2013) shown in Figure 5.9. The 

information from both sources is in good agreement. To control the inlet and outlet 

temperature of the turbine, it is necessary to adjust both the air flow and the fuel flow in the 

combustor (Elmasri, 2002). The optimum exhaust temperature of the gas turbine at partial 

load is different for each gas turbine from the different manufacturers. The resulting air/fuel 

ratio at different load for the gas turbine 9FB is shown in Figure 5.10. 

The model for the combustion chamber is a simple heat and mass balance, taking into 

account the difference in enthalpy of formation of the reactants and the combustion products. 

It is calculated using a Gibbs reactor in Aspen plus@. The combustion was assumed to be 

complete. A simplified equation to calculate the temperature at the outlet of the combustor is 

given by Equation 5.3 and 5.4. These equations and assumptions are also used for 

supplementary firing in the HRSG. These equations give a good approximation when 

compared with Thermoflow data that is enough for the purpose of this study. 

The heat balance: 

[𝑚𝑔𝑎𝑠ℎ𝑔𝑎𝑠]
𝑜𝑢𝑡

 =  [m𝑎𝑖𝑟 h𝑎𝑖𝑟]𝑖𝑛 +  [m𝑓𝑢𝑒𝑙 h𝑓𝑢𝑒𝑙]
𝑖𝑛

+ m𝑓𝑢𝑒𝑙LHVfuel   Equation 5.3 

Mass balance: 

[𝑚𝑔𝑎𝑠]
𝑜𝑢𝑡

 =  [m𝑎𝑖𝑟 ]𝑖𝑛 + [m𝑓𝑢𝑒𝑙  ]
𝑖𝑛

   Equation 5.4 

Where 

𝑚𝑔𝑎𝑠  Mass flow of combustion gases at the outlet of the combustor (m/s) 
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ℎ𝑔𝑎𝑠    Enthalpy of combustion gases at the outlet of the combustor (m/s) 

𝑚𝑎𝑖𝑟    Mass flow of air that enters in the combustor (m/s) 

ℎ𝑎𝑖𝑟  Enthalpy of air that enters in the combustor (kJ/kg) 

𝑚𝑓𝑢𝑒𝑙   Mass flow of fuel that enters in the combustor (m/s) 

ℎ𝑓𝑢𝑒𝑙  Enthalpy of fuel that enters in the combustor (kJ/kg) 

LHVfuel  Low heat value of the fuel (kJ/kg) 

The composition of the combustion gas is calculated by the combustion reaction 

aCH4 + bC2H6 + cC3H8 + dC4H10 + eCO2 + fN2 + gH2O + h(O2+3.76N2)       wCO2 + xH2O + yN2 + zO2 

Where a, b, c, d, e, f, and g are the natural gas composition; h the air; and w, x, y, and z the 

product (combustion gas). The reaction for each product is given for the follow molar 

balances:  

O2 balance 

𝑧 =
2e + g + 2h − 2w − x

2
 

CO2 balance 

𝑤 = a + 2b + 3c + 4d + e 

H2O balance 

𝑥 = g + n𝐻2 

𝑛𝐻2 =
4a + 6b + 8c + 10d

2
 

N2 balance 

𝑦 = 3.76h + f 

 

Figure 5.7. Dependence of heat input and the electric load (Alcaraz, 2015). Heat input 

(natural gas mass flow) performance used in the simulation as an input data 
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Figure 5.8. Dependence of air flowrate and the electric load (Alcaraz, 2015). Air flow rate 

performance from Thermoflow used in the simulation as an input data 

 

 

Figure 5.9. Variation of air flow rate G1C, heat input Q, depending on the position of the IGV 

position on the electric load GTU, (b) heat inputs, and (c) air flowrate and IGV position. (1) 

Heat input to the combustion chamber, MW; (2) enthalpy of spent gases, MW; (3) air flow 

rate, kg/s; and (4) and (5) IGV position in summer and in winter (Ol’khovskii, 2013) 

350

400

450

500

550

600

650

700

0 40 80 120 160 200 240 280

A
ir

 f
lo

w
 r

a
te

 (
k

g
/s

)

Power load (MW)



Part-load operation of SSFCC cycle power plant with CO2 capture 
 

126 

 

Figure 5.10. Variation of the air /fuel ratio on the electrical load for the gas turbine 9FB 

(Alcaraz, 2015). Air / fuel performance from Thermoflow is used in the simulation 

developed in Aspen Plus@ as an input data 

Gas turbine  

The assumption of a constant efficiency at part-load is made in the model. Kehlhofer 

indicates “At constant rotational speed, the efficiency depends only upon the enthalpy drop. 

In part-load no important changes occur in that drop except in the last stages. A big portion 

of the machine is operating at a constant efficiency” (Kehlhofer, 2009, p.367). The same gas 

turbine methodology is applied for the NGCC configuration and both supercritical and 

subcritical SSFCC part-load with variable IGV. The main differences occur in the HRSG in 

all case studies.  

The gas turbine power output calculated in Aspen plus was validated with Thermoflow data 

as shown in Figure 5.11 

 

Figure 5.11. Comparison of gas turbine power output calculated with Aspen plus@ vs 

Thermoflow 
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5.3.2 Heat recovery steam generator (HRSG) and steam turbine cycle 

The HRSG transfers heat from the gas turbine exhaust gas to the steam cycle. A subcritical 

boiler, it consists of three sections for each pressure level: an economizer, an evaporator or 

boiler, and a super-heater section as shown in Figure 5.23. In the economizer the subcooled 

water is heated up to saturated liquid temperature, although, in practice, a small degree of 

subcooling is applied to avoid a two phase operation; in the evaporator the marginally 

subcooled liquid is converted to saturated vapour and finally in the super-heater the saturated 

vapour is converted to superheated steam. The sections are integrated with a set of tubes that 

can be modelled as a generic heat exchanger. The main parameters at part-load are pressure, 

temperature, and mass flow. 

Attemperation or de-superheating  

At part-load operation the temperature of the live steam at the outlet of the superheater 

increases because of the increment in the temperature of the exhaust gas. The exhaust gas 

temperature increases due to reduction in the efficiency of the gas turbine section 

(Kehlhofer, et al, 2009). High steam temperature can be problematic for steam turbine 

operation over the maximum designed temperature of the main steam so it is necessary to 

keep it constant by using attemperation. The water used for attemperation comes from high 

pressure pumps as shown in Figure 5.23 in order to act as a spray with a uniform distribution 

through the steam to be cooled (Kehlhofer, et al, 2009). The live-steam temperature control 

loop in the drum-type HRSG limits the peak temperature during part-load and hot ambient 

temperature. For that reason, the attemperation is located after the superheater and not 

between two portions of the superheater as in conventional steam generator (Shown in 

Figure 5.23).  

By burning supplementary fuel in the HRSG, the total amount of heat generated for steam 

generation becomes independent from the gas turbine and the HRSG behaves more as a 

conventional boiler. The additional combustion effectively adds a degree of freedom in the 

operation and optimization of the plant at part-load. The flue gas temperature after 

supplementary fuel and the steam temperature are higher than in HRSG without 

supplementary fuel. They rise further at part-load because the amount of steam is reduced in 

the heat exchanger and the temperature of the exhaust gas increases at part-load, more details 

is given in chapter 6 where results are described. In a conventional boiler, due to the higher 

temperature of the flue gas, the attemperation is located between sections of superheaters 

(primary and secondary superheaters) (Elmasri, 2002). Based on this argument, in this study 

the attemperation for supercritical and subcritical SSFCC of the main steam is located 
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between two sections as shown in Figure 5.24 and Figure 5.25. The equation needed to 

calculate the mass flow rate of the attemperation to maintain the temperature of the vapour 

constant at the inlet of HP and IP steam turbines is given in the Equation 5.5. 

𝑚𝑆𝐻ℎ𝑆𝐻 +  𝑚𝑎𝑡𝑡𝑒𝑚𝑝ℎ𝑎𝑡𝑡𝑒𝑚𝑝 =  (𝑚𝑆𝐻 + 𝑚𝑎𝑡𝑡𝑒𝑚𝑝)ℎ𝑡𝑢𝑟𝑏𝑖𝑛𝑒   Equation 5.5 

Where 

𝑚𝑆𝐻   Mass flow of vapour from superheater (kg/s) 

ℎ𝑆𝐻   Enthalpy of vapour from superheater (kJ/kg) 

𝑚𝑎𝑡𝑡𝑒𝑚𝑝  Mass flow of water to temper the vapor from superheater (kg/s) 

ℎ𝑆𝐻   Enthalpy of water to temper the vapor from superheater (kJ/kg) 

ℎ𝑡𝑢𝑟𝑏𝑖𝑛𝑒  Enthalpy of live steam before entering the turbine (the temperature at this  

  point is constant at part-load) (kJ/kg) 

The second step is to determine the pressure of the pumps and the pressure drop in each heat 

exchanger through the HRSG. 

Pressure drop 

The pressure drop for each heat exchanger is estimated from a simple flow – pressure drop 

relationship given by Equation 5.6, where the equipment parameter is the loss coefficient k. 

At design condition the constant k for a conventional NGCC is calculated using the pressure, 

temperature, and mass flow provided by Thermoflow data and for subcritical and 

supercritical SSFCC is calculated using the pressure, temperature, and mass flow at full load 

after the optimisation. At part-load, k is keeping constant and now the variable calculated is 

the pressure at the outlet of the heat exchanger.  

This equation is used to estimate the pressure drop from the cross-over pipe where steam is 

extracted for solvent regeneration to the solvent reboiler of the capture plant, which includes 

the pressure drop through the pipeline and de-superheating. This equation was programmed 

in Aspen plus using a Fortran subroutine. The de-superheater is a heat exchanger to convert 

the steam going to the reboiler into saturation conditions.  

∆𝑝 =  𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 =  𝑘𝑚2

1
𝜌𝑖𝑛

+
1

𝜌𝑜𝑢𝑡

2
   Equation 5.6 

Where  

∆𝑝   Pressure drop of steam through the heat exchanger (Pa) 

m   Mass flow rate (kg/s) 

𝜌𝑖𝑛  and  𝜌𝑜𝑢𝑡  Density at the inlet and outlet respectively (kg/m3) 
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k   A constant (1/m4) 

Pressure required at the inlet of the steam turbines 

Most steam turbines in combined cycle plants operate by sliding pressure operation and 

generally have no control stage with a nozzle group (Kehlhofer, et al, 2009). A portion of the 

steam turbine with no extraction is defined by Equation 5.7 for its absorption capacity using 

the Law of Cones. 

�̇�𝑆

�̇�𝑆0
=

�̅�𝑥𝑝𝑎

𝑉𝐷
̅̅ ̅𝑥𝑝𝑎0

√
𝑝𝑎0𝑥𝑣𝑎0

𝑝𝑎𝑥𝑣𝑎
√

1 − |
𝑝𝑤
𝑝𝑎

|

𝑛+1
𝑛

1 − |
𝑝𝑤0
𝑝𝑎0

|

𝑛+1
𝑛

 

 

Equation 5.7 

Where  

�̇�𝑆  Steam mass flow (kg/s) 

𝑝  Pressure (bar) 

𝑣  Specific volume (m3/kg) 

�̅�  Average swallowing capacity  

𝑛  Polytrophic exponent 

The suffix 0 is the design point, 𝑎 inlet and 𝑤 outlet of the steam turbine  

In steam turbines, the absolute difference between the inlet and the outlet pressure is large so 

that the pressure ratio Pw/Pa is small and the ratio of the absorption capacity is close to 1. 

Equation 5.7 can then be simplified to Equation 5.8.  

�̇�𝑆

�̇�𝑆0
= √

𝑝𝑎0𝑥𝑣𝑎0

𝑝𝑎𝑥𝑣𝑎
 Equation 5.8 

At part-load operation, the mass flow of steam generated is reduced and this equation is used 

to calculate the pressure across the turbine, and by extension the pump heads. This equation 

was programmed in Aspen plus using a Fortran subroutine. 

For a supercritical combined cycle operated at part-load with a fixed boiler pressure using a 

throttle valve, Equation 5.8 is used to calculate the pressure at the inlet of the supercritical 

steam turbine, therefore the pressure drops in the valve.   

Overall heat-transfer coefficient 

Two equations are needed to predict the behavior of all heat exchangers in the HRSG and the 

condenser (Rovira et al, 2010). The first one is the energy balance between the streams, 
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considering heat loss by radiation, convection, and conduction from the HRSG representing 

by Equations 5.9 and 5.10. The second equation is the heat transfer across the heat exchanger 

surface given by Equation 5.11 (Valdes et al. 2004; and Gonzalez et al, 2007).  

𝑄 =  𝑚𝑣 (ℎ𝑣𝑜𝑢𝑡 − ℎ𝑣𝑖𝑛) Equation 5.9 

𝑄 =  𝑚𝑔 (ℎ𝑔𝑜𝑢𝑡 − ℎ𝑔𝑖𝑛) Equation 5.10 

If a counter-flow exchanger is used, the heat transfer equation allows calculating the product 

of the overall heat-transfer coefficient U and the exchange surface A by means of a 

logarithmic mean temperature difference, as in Equation 5.11. UDA is calculated at design 

condition and the new UA at part-load is calculated using the correlation shown in Equation 

5.12. Additional information is provided in Appendix C. The same set of equations can be 

used for a once through heat recovery boiler (supercritical condition). 

𝑄 = 𝑈𝐴
(𝑇𝑔𝑖𝑛 − 𝑇𝑣𝑜𝑢𝑡) − (𝑇𝑔𝑜𝑢𝑡 − 𝑇𝑣𝑖𝑛)

𝑙𝑛 (
𝑇𝑔𝑖𝑛 − 𝑇𝑣𝑜𝑢𝑡

𝑇𝑔𝑜𝑢𝑡 − 𝑇𝑣𝑖𝑛
)

 Equation 5.11 

For economizers and evaporators 

𝑈𝑜𝑝𝐴

𝑈𝐷𝐴
= (

𝑚𝑔𝑜𝑝

𝑚𝑔𝐷
)

𝑚

 Equation 5.12 

For superheaters, Equation 5.12 is  

𝑈𝑜𝑝𝐴

𝑈𝐷𝐴
= (

𝑚𝑔𝑜𝑝

𝑚𝑔𝐷
)

𝑚

(
𝑚𝑣𝑜𝑝

𝑚𝑣𝐷
)

𝑛

 
 

Where 

Q  Heat transfer (kW) 

Tg  Temperature gas side (K) 

Tv  Temperature vapour side (K) 

hg  Enthalpy gas side (kJ / s) 

hv  Enthalpy vapour side (kg/s) 

mg  Mass flow of the gas (kg /s) 

mv  Mass flow of the steam (kg /s) 

UD  Overall heat-transfer coefficient at design condition (kW /m2 K) 

Uop  Overall heat-transfer coefficient at part-load (kW /m2 K) 

Suffix in and out denote inlet and outlet of the heat exchange, and suffix D is design and 

suffix op operation at part-load condition 
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The empirical coefficients m (gas side) and n (vapour side) depend on the geometry and the 

heat transfer mechanism as shown in the Equation 5.13-5.15, and are dependent on the 

Nussel number. The coefficient n for subcritical vapour is 0.8 and for exhaust gas is 0.6 is 

estimated based on correlations of the Nussel number shown in Equation 5.13 and Equation 

5.14 (Steam its generation and use, 2005).  

In a supercritical region, thermophysical properties, such as thermal conductivity, viscosity, 

density, and specific heat, important to estimate heat transfer, experience radical changes as 

the temperature approaches and exceeds the critical temperature, as shown in Figure 5.12. 

The temperature at which the specific heat reaches a peak is known as the pseudocritical 

temperature Tpc around 374°C (705 °F). Because of the significant changes in 

thermophysical properties near the pseudo- critical temperature, a modified approach to 

evaluating convective heat transfer is needed (Steam its generation and use, 2005). The 

correlation developed by Swenson et al (Swenson et al, 1965; Shiralkar and Grifftith, 1968; 

Steam its generation and use, 2005) is given by Equation 5.15 which is a representative 

relationship for smooth bore tubes, where n is 0.923. 

ℎ𝑣𝐷𝑖

𝑘𝑣
= 0.023 [

𝐷𝑖𝐺𝑣

𝜇𝑣
]

0.8
𝑃𝑟𝑣

0.33  Equation 5.13 

ℎ𝑔𝐷

𝑘𝑔
= 0.4 [

𝐷𝐺𝑔

𝜇𝑔
]

0.6

𝑃𝑟𝑔
0.33   Equation 5.14 

ℎ𝑣𝐷𝑖

𝑘𝑣
= 0.00459 [

𝐷𝑖𝐺𝑣

𝜇𝑣
]

0.923
[

𝐻𝑣−𝐻𝑏

𝑇𝑣−𝑇𝑏
] [

𝜇𝑤

𝑘𝑤
]

0.613
[

𝑣𝑏

𝑣𝑣
]

0.231
  Equation 5.15 

Where  

ℎ𝑣   Heat transfer coefficient of the steam, (W/m2K) 

ℎ𝑔  Heat transfer coefficient of the gas, (W/m2K) 

𝐺𝑣  Steam mass flux, (kg/m2s) 

𝐺𝑔  Gas mass flux, (kg/m2s) 

𝐷𝑖  Diameter inside the tube (m) 

𝐷  Tube diameter (m) 

𝑘𝑣  Thermal conductivity of the steam W/mK) 

𝑘𝑔  Thermal conductivity of the gas (W/mK) 

𝜇𝑣  Viscosity of the steam (kg/ms) 

𝜇𝑔  Viscosity of the gas (kg/ms) 

𝑃𝑟𝑣  Prandtl number steam side 
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𝑃𝑟𝑔  Prandtl number gas side 

𝐻𝑣  Entalphy at wall temperature (J/kg) 

𝐻𝑏  Entalphy vapour at bulk fluid temperature (J/kg) 

𝑣𝑣  Specific volume at wall temperature (m3/kg) 

𝑣𝑏  Specific volume at bulk fluid temperature (m3/kg) 

𝑇𝑣  Wall temperature (C) 

𝑇𝑏  Bulk fluid temperature (C) 

 

Figure 5.12. Thermophysical properties of water at supercritical condition (Steam its 

generation and use, 2005) 

When supplementary fuel is burnt in the HRSG, the gas temperature increases compared to a 

standard HRSG. Yet the main contribution to heat transfer remains as convection, for 

different reasons.  The contribution of radiative heat transfer does increase. However, in the 

case of sequential supplementary firing, radiative heat transfer continues to play a secondary 

role because the gas temperature only increases to 820°C. This is significantly lower than the 

typical temperature of around 1500 °C encountered in a conventional boiler. Secondly, 

natural gas radiation is lower compared to coal or oil (Dumont and Heyen, 2004; Kehlhofer, 

et al, 2009). The radiation produced by a flame depends on how luminous it is. An oil flame 

can radiate 3 to 4 times more than a gas flame mainly because of the soot production in the 

flame which makes it luminescent. A gas flame could produce soot under certain conditions 
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of mixing, but the amount of radiation attained is still significantly lower than an oil and coal 

flame (Sáez, 2010).  The tube spacing is short in an HRSG compared to tubes in a 

conventional boiler because minimum soot is generated. 

Steam generation in the evaporators 

In the evaporator, a phase transition from water to steam occurs, which means that the 

Equation 5.9 must be replaced by Equation 5.16.  

𝑄 =  𝑚𝑣 (∆ℎ𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛) Equation 5.16 

Where 

∆ℎ𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛  Evaporation enthalpy (kW) 

The ∆ℎ𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 depends on the saturation pressure. The steam mass flow rate in the 

HRSG of the NGCC and subcritical SSFCC configurations at part-load is calculated taking 

into account the capacity of the evaporators to convert the water from saturated liquid to 

saturated vapour and the fact that the separation between the gas and the liquid phase in 

evaporators occurs through gravity. The steam mass flow rate in the HRSG of the NGCC 

and subcritical SSFCC at part-load is calculated considering the capacity of the size of the 

evaporators to convert the water from saturated liquid to saturated vapour. This is possible 

considering an additional assumption in the system: dryness fraction x = 1 at the outlet of 

HP, IP, and LP boilers in the NGCC as shown in Figure 5.23 and at the outlet of the HP 

boiler in subcritical SSFCC Figure 5.24.  

Steam generation in the supercritical evaporator once through boiler (OTB) 

The liquid single phase and vapour single phase conditions are easily identified from 

temperature and pressure data. As we can see in Figure 5.13, there is no different between 

supercritical and subcritical heat transfer coefficients for liquid from -73°C to 377°C. The 

difference between supercritical and subcritical heat transfer coefficients for vapour is not 

too different from 527°C, as shown in Figure 5.14. The supercritical HRSG of SSFCC 

includes a supercritical evaporator arranged to supply steam to a superheater between the 

supercritical evaporator and the economisers of the HRSG. In this section, the separation of 

liquid and steam is not so clear. Unlike in the evaporator of a conventional HRSG of NGCC 

where the amount of steam generated depends on the evaporator capacity, in a supercritical 

SSFCC, the amount of steam generated in the HRSG would depend on the capacity of the 

economiser to rise the temperature to supercritical temperature where the unstable condition 

of the steam and water starts. In that section, the heat transfer from 377°C to 527°C occurs in 
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the evaporator OTB and the heat transfer coefficient used, as is mentioned before, is shown 

in Equation 5.15.  

A rigorous mathematical model is proposed by Rovira et al, (2010) to calculate the heat in 

the section of evaporator OTB. His model consists of discretising the heat as he considered 

that it is not constant, the heat is calculated as integration function. Here the heat transfer for 

evaporator OTB is calculated using Equation 5.9, 5.10, 5.11 and 5.12.  

 

Figure 5.13. Usual convective heat transfer coefficient of liquid water at different pressure 

(Rovira et al, 2010) 

 

Figure 5.14. Convective heat transfer coefficient of steam at different pressure (Rovira et al, 

2010) 

Condenser 

One option for off-design modelling of the condenser is to fix the cooling water circulation 

rate, regardless of the reduced load. In that way, the cooling water pumps are running at an 

almost constant speed (Halvorsen, 2012). As the gas turbine load is reduced, the steam 

generation in the HRSG is reduced and less steam needs to be condensed in the condenser 
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for a given condenser pressure. In this thesis the total amount of cooling water is calculated 

at full load to condense the saturated mixture of steam and water leaving the LP steam 

turbine and is kept constant at part-load. If the cooling water flow is maintained constant at 

part load, the vacuum is reduced even further due to a smaller pinch point in the condenser. 

It is also possible to regulate the cooling water flow by a regulation in the pump capacity or 

by shut-off one or more pumps, dependent of the number of pumps in the system (Halvorsen, 

2012). Although the mechanical energy in the pump is reduced, the pressure in the condenser 

is higher compared to the case where the pumps are running at full capacity (Halvorsen, 

2012). 

Throttling valve 

Throttling is used at the inlet of the HP steam turbine in the supercritical combined cycle 

operated at “fixed boiler pressure” in order to control the pressure at the inlet of the steam 

turbine. In this method steam is passed through a restricted passage thereby reducing its 

pressure across the governing valve. The flow rate is controlled using a partially opened 

steam control valve.  

Comparison of simulation results of the steam cycle of a conventional NGCC is shown in 

Figures 5.15 to 5.22. The simulation carried out using Aspen plus is compared with 

Thermoflow data. The performance of steam turbine power output, steam mass flow of HP 

steam turbine, steam mass flow of IP steam turbine, steam mass flow of BP steam turbine, 

inlet pressure of HP steam, outlet pressure of HP steam, inlet pressure of IP steam, inlet 

pressure of LP steam is compared with information provided in Appendix B.  

 

Figure 5.15. Comparison of steam turbine power output calculated with Aspen plus@ and 
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Figure 5.16. Comparison of steam mass flow of HP steam turbine calculated with Aspen 

plus@ and Thermoflow 

 

Figure 5.17. Comparison of steam mass flow of IP steam turbine calculated with Aspen 

plus@ and Thermoflow 

 

Figure 5.18. Comparison of steam mass flow of LP steam turbine calculated with Aspen 

plus@ and Thermoflow 
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Figure 5.19. Comparison of inlet pressure of HP steam (HP steam turbine) calculated with 

Aspen plus@ and Thermoflow 

 

Figure 5.20. Comparison of outlet pressure of HP steam (HP steam turbine) calculated with 

Aspen plus@ and Thermoflow 

 

Figure 5.21. Comparison of inlet pressure of IP steam (IP steam turbine) calculated with 

Aspen plus@ and Thermoflow 
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Figure 5.22. Comparison of inlet pressure of LP steam (LP steam turbine) calculated with 

Aspen plus@ and Thermoflow 
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Figure 5.23. Schematic process flow diagram of the conventional natural gas combined cycle configuration with two GE 937 IFB gas turbines, two 

triple pressure HRSGs and one subcritical steam turbine Natural gas combined cycle simulated in Aspen Plus@ using equation-oriented tool
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Figure 5.24. Schematic process flow diagram of a subcritical sequential supplementary firing configuration with one GE 937 IFB / single pressure 

HRSG train combined with a single reheat steam cycle simulated in Aspen Plus@ using equation-oriented tool
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Figure 5.25. Schematic process flow diagram of a supercritical sequential supplementary firing configuration with one GE 937 IFB/single pressure 

HRSG train combined cycle with a double reheat steam cycle simulated in Aspen Plus@ using equation-oriented tool
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5.4 Part-load operating strategies for sequential firing in the HRSG 

Each stage of sequential supplementary firing in the HRSG effectively adds degrees of 

freedom to the power plant operator to optimise part-load operation. In this work, the 

principle for part-load operation is to maximise power output for any given fuel input, 

including additional fuel firing in the HRSG. The underlying thermodynamic principle is to 

maximise the average temperature of heat addition to the steam cycle by adjusting the rate of 

firing of each duct burner, which, in returns, increases the efficiency of the corresponding 

Carnot cycle. 

The methodology followed to adjust the natural gas mass flow in each duct burners is 

described as follow 

1. Fuel reduction is prioritized in the 5th and 4th duct burners where the steam 

temperature, and by extension the ‘local’ average temperature of heat addition to the 

steam cycle is lower than in the first duct burner. The latter is located immediately 

before the HP superheater and HP and IP reheaters where steam temperature is at its 

highest.  

2. When steam flow rate is reduced across the HRSG to reduce the power output of the 

steam cycle, the mass flow of natural gas firing in each duct burner needs to be 

adjusted, if necessary, to maintain flue gas temperatures of below 820°C 

3. This principally causes a reduction of firing in the 1st and 2nd duct burners. It is more 

pronounced at very low load with very low steam mass flow rates absorbing less 

heat.  

4. With a subcritical HRSG and with a supercritical HRSG operated with sliding 

pressure, an evaporator is located is located between the 4th and 5th duct burners. 

When steam pressure is below the critical pressure, the latent heat necessary for 

phase change from saturated liquid to saturated vapour must be overcome with 

additional gas firing. This does not apply to supercritical configuration with fixed 

pressure operation of the HSRG.  

5. The 3rd burner is then typically adjusted to ensure that the total net steam production 

across the HRSG matches the power output. 
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5.5 Conclusion  

Power plants in Mexico operate at part-load due to variations in electricity demand. The 

variability of electricity supply from other energy sources will largely be influenced by the 

introduction of the intermittent renewable energy, which is expected to increase in 2028, as 

indicated in (Mexican Ministry of Energy, 2012). 

The main characteristic of NGCC power plants is good operating flexibility, which enables 

power output to be changed according to the electricity demand. It is necessary to evaluate 

and to ensure the continuity of flexibility in the operation of new alternatives proposed to 

decarbonise the electricity market.  

This chapter focuses on the methodology used to evaluate and define operating strategy 

modes for supercritical and subcritical SSFCC configurations, with the objective of 

maximising power and revenue form electricity and CO2 sales for a given fuel input.  

In a conventional NGCC configuration, as the gas turbine changes its load, the steam 

turbines will automatically adjust their output.  

When a power plant combined cycle has supplementary firing, the steam cycle is controlled 

independently of the gas turbine and the power output is regulated with an additional degree 

of freedom by adjusting the amount of fuel burnt in the duct burners.  

Steam turbines function most economically at part-load using sliding pressure up to 50% and 

the minimum load for natural gas combined cycle is 50% because of a drastic efficiency 

drop. 

The selected operating modes for evaluating the gas turbine for supercritical and subcritical 

SSFCC are fixed and variable IGV, and sliding and fixed pressure in the steam cycle 

Three thermodynamic models are developed in order to evaluate different operating 

strategies for a NGCC, supercritical and subcritical SSFCC integrated with CO2 capture and 

compression. The model of a NGCC at design condition is based and validated at part-load 

from information from Thermoflow data (Alcaraz, 2013) and by (Ol’khovskii, et al, 2013). 

This action aims to validate the equations and assumptions used in the NGCC in order to use 

them in the novel proposal SSFCC. 
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6. Performance of supercritical and subcritical 

sequential supplementary firing power plants with 

CO2 capture at part-load operation  

6.1 Introduction 

This chapter examines the results of the simulation of supercritical and subcritical SSFCC 

power plants and compares their performance with a conventional NGCC at part-load 

operation integrated with MEA-based CO2 capture. Details of the performance of the power 

plant configurations in different operating modes are provided.  The operating modes of the 

power plants that have been evaluated are summarised in Table 6.1.  

The load of the SSFCC can be reduced, as described in chapter 5, in two ways: 

1. By using inlet guide vanes and reducing the supplementary fuel in the duct burners 

2. By reducing the supplementary fuel in the duct burners with the gas turbine at full 

load (fixed IGV) 

The performance analysis in this chapter begins by describing part-load operation with 

variable IGV for the gas turbine compressor, and how this method impacts the exhaust gas 

temperature of the gas turbine and the air / fuel ratio. Subsequently, part-load operation 

achieved by reducing the amount of supplementary fuel is described and analysed. Then, the 

results for the part-load operating strategies proposed are presented in two steps: 

1. First the thermal efficiency of a conventional NGCC configuration, a subcritical and 

a supercritical SSFCC without capture are shown. This information is useful to 

select the most efficient operating strategy so that the variation of thermal efficiency 

over different load with CO2 capture and compression system can be introduced 

2. Then, the variation of the efficiency at part-load operation with integrated CO2 

capture and compressor unit is presented 
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Table 6.1. Summary of options for part-load operation of the power plant configurations 

Power plant case NGCC Supercritical SSFCC Subcritical SSFCC 

Gas turbine 

control 

Variable Inlet 

Guide Vanes 

Fixed Inlet 

Guide Vanes 

Variable Inlet 

Guide Vanes 

Variable Inlet 

Guide Vanes 

Fixed Inlet 

Guide Vanes 

Variable Inlet 

Guide Vanes 

HRSG 

No  

supplementary 

firing 

Adjust 

sequential 

supplementary 

firing 

Adjust 

sequential 

supplementary 

firing 

Adjust 

sequential 

supplementary 

firing 

Adjust 

sequential 

supplementary 

firing 

Adjust 

sequential 

supplementary 

firing 

Steam cycle 

Pressure and 

temperature 

Subcritical Supercritical  

Transition from 

supercritical to 

subcritical 

Supercritical  Subcritical Subcritical 

Steam cycle 

control 

Heat recovery 

steam 

generator 

sliding 

pressure 

Fixed pressure 

in the heat 

recovery steam 

generator  

Heat recovery 

steam generator 

sliding pressure 

Fixed pressure 

in the heat 

recovery steam 

generator 

Heat recovery 

steam 

generator 

sliding 

pressure 

Heat recovery 

steam generator 

sliding pressure 
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6.2 Limitations to part-load operation of sequential supplementary 

firing combined cycle  

By varying the IGV of the compressor, the load of gas turbines can be controlled. As a 

result, the power output of the gas turbine changes as well as the amount of exhaust gas. 

Consequently, the total net power output of the NGCC can be reduced by controlling the 

IGV and by burning less fuel in the duct burners. 

6.2.1 Variable inlet guide vanes  

The air/fuel ratio of the gas turbine has an important role not only for controlling the load, 

but also for controlling the temperature of the exhaust gas (TET). It is possible to change the 

air / fuel ratio by closing or opening the IGV. An elevated exhaust temperature compared to 

the design temperature is problematic for the last uncooled turbine stages, and the maximum 

permissible TET is attained 50°C above nominal ISO base load exhaust temperature (600°C 

in this case) (Elmasri, M., 2002; Kehlhofer R., et al, 2009). Figure 6.1 shows the path 

followed by the air / fuel ratio when the load of the gas turbine is changed from 100% to 

40% and how it controls the variation of the temperature. The simulation results of the inlet 

temperature (TIT) in the gas turbine and of the air/fuel ratio at different loads are shown in 

Figure 6.2. The air / fuel ratio is kept relatively constant around 46.4 (-) between 100% - 

80% of the gas turbine load in order to keep the turbine inlet temperature constant. Then, the 

exhaust gas temperature starts increasing with decreasing load because of the reduction in 

the efficiency of the gas turbine shown in Figure 6.3. Below 80% low the air / fuel ratio 

increases in order to avoid a dramatic increment of the TET. Figure 6.1 shown that at 

approximately 50% load, the increment over the design TET is 45°C, it is in good agreement 

with the data published sources (Elmasri, M., 2002; Kehlhofer R., et al, 2009), which the 

maximum permissible is 50° above nominal ISO. The TET is reduced at expense of reducing 

the TIT, which results in a reduction of the efficiency of the gas turbine.   
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Figure 6.1. Performance of the gas turbine using a variable inlet guide vanes (IGV) Exhaust 

gas temperature and the load of the gas turbine vary with changes in the air/fuel ratio 

  

 

Figure 6.2. Performance of the gas turbine using variable inlet guide vanes (IGV).   Inlet gas 

temperature and the load of the gas turbine vary with changes in the air/fuel ratio 
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Figure 6.3. Part-load efficiency of the gas turbine 

6.2.2 Minimum load generation with variable inlet guide vanes and 

sequential supplementary firing  

As explained in chapter 5, the minimum load of a conventional NGCC is 45% because of the 

drastically drop in the efficiency and sudden decrement of the temperature of the exhaust gas 

after attaining the maximum permissible TET of 50°C above nominal ISO. The drop in the 

exhaust temperature results in a reduction of the steam generated in the HRSG and the 

efficiency of the cycle.  

With sequential supplementary firing, the limitation on minimum load is not the temperature 

of the exhaust gas because it is controlled by supplementary firing. Table 6.2 shows that, at 

42% of total net power output of a supercritical SSFCC with CO2 capture, the mass flow 

entering the LP steam turbine cycle is 15% of the design value, indicated in bold number. 

Reducing the minimum load at which a steam turbine can reliably operate is one way to 

optimise revenue for marginal base-load units during periods of low electrical demand. For 

this reason, although it is not unusual to operate power plants at load levels below the typical 

25% with respect to full-load limits, steam turbines may experience undesirable damage for 

a number of reasons (Cotton, 1994). Under severe low flow conditions, the LP stages will 

subtract net power due to windage and freewheeling causing a significant temperature rise of 

the materials of the rotating and stationary components. Information of the allowable 

minimum steam flow steam turbine is commercial in confidence and is not provided by 

manufacturers in the public domain. Mitsubishi, (2007) indicates that operation of the LP 

steam turbine above 20% is acceptable. In order to avoid severe damage in the last blades of 

the LP steam turbine, the minimum load for this configuration of SSFCC is defined as 49% 

in this thesis in order to keep LP steam turbine flow above 25% indicated in shaded lines. 
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Table 6.2. Variation of load and steam of supercritical SSFCC with variable IGV, fixed 

pressure in the HRSG and throttling steam, with CO2 capture 

Load of power plant % 100 76 58 49 42 

Load of gas turbine % 100 80 75 71 61 

Load of steam turbine % 100 74 51 42 34 

Power output SC steam turbine MW 138 90 54 37 33 

Load of supercritical steam turbine % 100 65 39 27 24 

Supercritical steam mass flow t/h 1292 884 563 413 363 

Power output HP steam turbine MW 69 50 32 22 20 

Load of HP steam turbine % 100 72 46 32 28 

HP steam mass flow t/h 1291 957 654 508 429 

Power output IP steam turbine MW 233 184 134 109 94 

Load of IP steam turbine % 100 79 58 47 40 

IP steam mass flow t/h 1291 1008 736 615 515 

Power output LP steam turbine MW 142 104 62 37 22 

Load of LP steam turbine % 100 73 43 26 15 

LP steam mass flow t/h 794 592 376 255 155 

LP steam mass flow % 100 75 47 32 20 

The numbers in bold indicate the main constrain for the LP steam turbine related to the steam mass flow and the 

power that are below the acceptable of 20%, and the reason why this percentage of load is not selected. Shaded 

line indicates the minimum load selected in this study in order to avoid severe damage in the LP steam turbine 

6.3 Part-load operation with variable sequential supplementary fuel 

input in the duct burners  

Sequential supplementary firing adds degrees of freedom in terms of part-load operation. 

One strategy to maximize power output at part-load with sequential supplementary firing is 

to operate the gas turbine at full load to maintain high efficiency and adjust the total net 

power output by varying the amount of fuel input in the duct burners. Since the marginal 

change in thermal efficiency of a steam cycle at part-load is smaller than that of a gas 

turbine, this section demonstrates that this is the most thermally efficient way to operate a 

SSFCC plant. 

6.3.1 Supercritical combined cycle with fixed inlet guide vanes and 

with fixed pressure in the heat recovery steam generator    

Firstly, the minimum load for sequential supplementary firing with fixed IGV is defined 

based on the simulation results. In this configuration, the load is reduced by varying the 

amount of fuel in the duct burners. As a result, the load of the steam cycle is reduced even 

further compared with a conventional NGCC and supercritical SSFCC with variable IGV. At 

52% of the total net power output, the LP steam turbine operates with 17% of the steam mass 
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flow as shown in Table 6.3 in bold number. Considering 25% as a minumum in the steam, 

57% of the total power output is defined as the minimum for this configuration which is 

indicated in Table 6.3 in shaded line. 

Table 6.3. Variation of load and steam of supercritical SSFCC with fixed IGV, fixed 

pressure in the HRSG and throttling steam, and CO2 capture 

Load of power plant % 100 84 74 57 52 

Load of gas turbine % 100 100 100 100 100 

Load of steam turbine % 100 77 62 37 30 

Power output supercritical steam 

turbine 
MW 139 99 76 43 40 

Load of supercritical steam 

turbine 
% 100 71 54 31 29 

Supercritical steam mass flow t/h 1292 951 756 462 410 

Power output HP steam turbine MW 69 53 44 28 25 

Load of HP steam turbine % 100 77 63 40 35 

HP steam mass flow t/h 1292 1009 837 549 468 

Power output IP steam turbine MW 235 188 159 110 90 

Load of IP steam turbine % 100 80 68 47 38 

IP steam mass flow t/h 1292 1039 876 549 468 

Power output LP steam turbine MW 144 109 89 37 18 

Load of LP steam turbine  % 100 76 62 26 13 

LP steam mass flow t/h 795 624 516 242 134 

LP steam mass flow  % 100 79 65 30 17 

The numbers in bold indicate the main constrain for the LP steam turbine related to the steam mass flow and the 

power that are below the acceptable of 20%, and the reason why this percentage of load is not selected. Shaded 

line indicates the minimum load selected in this study in order to avoid severe damage in the LP steam turbine 

Figure 6.4 shows the performance of the duct burners for a supercritical SSFCC power plant 

configuration with fixed IGV, fixed pressure in the HRSG with throttling immediately after 

the last HP superheater as shown in Figure 5.25. Flue gas temperature in each duct-burner 

varies with changes in the load, caused by the variation of the natural gas mass flow in the 

duct burners. At part-load the temperature of each duct burner reduces below the design 

value of 820 °C at 100% load. At 100% of total power output, the natural gas mass flow rate 

in the first duct burners is lower than in 4th duct burner because they are limited by the 

maximum temperature of 820°C, as shown in Figure 6.4. Since the exhaust gas leaving the 

gas turbine is at 600°C, i.e. higher than the temperature of 557°C at the inlet of the 4th duct 

burner, less natural gas is required than in the last duct burners to reach the temperature of 

820°C.  
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Figure 6.4. Flue gas temperature across the HRSG at part-load for a supercritical SSFCC 

power plant with fixed IGV and fixed pressure in the HRSG. The flue gas temperature in 

each duct-burner varies with the changes in load of the power plant, caused by variations of 

the natural gas mass flow and subsequent reductions of steam flow  

The temperature of the last three duct burners decreases significantly more than the 

temperature of the first two duct burners as a consequence of reducing the fuel mass flow 

rate, as shown in Figure 6.5.  Fuel reduction is prioritized in the last three duct burners. The 

main reason for this is because the first duct burner is located immediately before 

superheater 3 (HPSP3) and reheat 2 (RH2) as shown in Figure 5.25, which adds heat to the 

main steam entering the supercritical steam turbine, and the reheat steam that enters to the 

HP steam turbine to raise to 630 °C and 600 °C, respectively.  The 2nd duct burner is located 

before reheat 1 (RH1) and superheater 2 (HPSP2) in Figure 5.25, which adds heat to IP 

steam to raise its temperature to 600 °C.  

The air / fuel ratio of the last three duct burners increases drastically when the amount of fuel 

is reduced from approximately 75% to 50% load, as shown in Figure 6.6. Steam generation 

in the lower pressure sections of the HRSG is reduced significantly to maximize efficiency, 

since the average heat-addition temperature is lower than in the high pressure sections. The 

amount of fuel in the fifth duct burner is reduced to zero at loads below 85%. As less fuel is 

burnt in the duct burners at part-load, the concentration of O2 increases and the concentration 

of CO2 reduces, as shown in Figure 6.7 and Figure 6.8.  
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Figure 6.5. Variation of the natural gas mass flow across the HRSG at part-load of a 

supercritical SSFCC power plant with fixed IGV and fixed pressure in the HRSG 

 

Figure 6.6. air / fuel ratio in each duct-burner at part-load for a supercritical SSFCC power 

plant with fixed IGV and fixed pressure. The variations are caused by a reduction of the 

natural gas mass flow to accommodate subsequent reductions of steam production 
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Figure 6.7.  Variation of CO2 concentrations across each section of the HRSG at different 

loads for a supercritical SSFCC with fixed IGV and fixed pressure in the HRSG. The 

acronyms used to refer to Figure 5.25 

 

Figure 6.8. Variation of O2 concentrations across each section of the HRSG at different loads 

for a supercritical SSFCC with fixed IGV and fixed pressure in the HRSG. The acronyms 

used to refer to Figure 5.25 
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6.3.2 Supercritical combined cycle with fixed inlet guide vanes and 

sliding pressure operation of the heat recovery steam generator 

The minimum load determined for supercritical SSFCC with fixed IGV and sliding pressure 

operation in the HRSG is 57%. This is based on the LP steam turbine operating at 28 of its 

capacity when the total load is reduced to 57% %, indicated in shaded line, compared with 

14% of its capacity, indicated in bold, at 51% of total power output, as shown in Table 6.4. 

It is worth noting that the mode of operation of the steam cycle/HRSG, sliding pressure or 

fixed pressure, has a limited effect on the minimum load achievable. The minimum load of 

sliding pressure operation is very similar to that of fixed pressure operation of the HRSG as 

both steam cycles have similar capacity, both produce the same amount of steam. The only 

difference is on the efficiency of the cycle, fixed pressure has lower efficiency causes by the 

throttle valve, as explained in the next section 6.5.   

Table 6.4. Variation of load and steam flows of supercritical SSFCC with fixed IGV, sliding 

pressure in the HRSG, and CO2 capture 

Load of power plant % 100 84 75 57 51 

Load of gas turbine % 100 100 100 100 100 

Load of steam turbine % 100 76 63 37 29 

Power output supercritical steam 

turbine 
MW 139 100 82 51 43 

Load of supercritical steam 

turbine 
% 100 72 59 36 31 

Supercritical steam mass flow t/h 1292 942 766 473 397 

Power output HP steam turbine MW 69 53 44 28 24 

Load of HP steam turbine % 100 76 64 40 34 

HP steam mass flow t/h 1292 1002 838 543 453 

Power output IP steam turbine MW 235 187 158 106 87 

Load of IP steam turbine % 100 80 67 45 37 

IP steam mass flow t/h 1292 1033 868 543 453 

Power output LP steam turbine MW 144 108 87 34 15 

Load of LP steam turbine  % 100 75 60 23 11 

LP steam mass flow t/h 795 618 508 223 114 

LP steam mass flow  % 100 78 64 28 14 

The numbers in bold indicate the main constrain for the LP steam turbine related to the steam mass flow and the 

power that are below the acceptable of 20%, and the reason why this percentage of load is not selected. Shaded 

line indicates the minimum load selected in this study in order to avoid severe damage in the LP steam turbine 

 

Figure 6.9 and Figure 6.10 show the variation of temperature and mass flow rate in each duct 

burner for supercritical SSFCC configuration with fixed IGV and sliding pressure in the 



Performance of SSFCC power plants with CO2 capture at part-load operation 
 

156 

HRSG. Sliding pressure operation in the HRSG is the main difference with respect to the 

configuration described in section 6.3.1. At loads below 85%, the pressure in the steam cycle 

falls below the supercritical pressure of water and the heat exchanger replacing the 

evaporator needs to operate with two-phase flow on the water/steam side. The main 

difference with respect to the previous option lies within duct burners 3 and 4, particularly 

from 85% to 50% load, where the pressure reduces and two phases exist.  

Less fuel is needed in duct burner 3 when the pressure is reduced from 75% to 50% load 

compared with fixed pressure. This happens because the capacity of steam to absorb heat 

decreases as pressure decreases. This can be seen in Figure 6.9, where the temperature is the 

same as in the SSFCC at fixed pressure, but the natural gas mass flow rate is lower. In the 4th 

duct burner, where the ‘evaporator-like’ heat exchanger is located, more heat is needed to 

change the phase from saturated liquid to saturated vapor. Although more fuel is used at 75% 

and at 50% load, the temperature is lower than in SSFCC at fixed pressure in the boiler.  

The air / fuel ratio is shown in Figure 6.11. The main difference of the air / fuel ratio with 

respect to the fixed pressure HRSG configuration is a consequence of the apparition of two 

phases below 85%, where the pressure is subcritical, as explained previously. Also the mass 

flow of the 4th duct burner reduces to zero here, unlike in the previous configuration, the 

variation in CO2 and O2 concentration for this configuration is shown in Figure 6.12 and 

Figure 6.13.  

 

Figure 6.9. Flue gas temperature across the HRSG at part-load for a supercritical SSFCC 

power plant with fixed IGV and sliding pressure in the HRSG. The flue gas temperature in 

each duct-burner varies with the changes in load of the power plant, caused by variations of 

the natural gas mass flow and subsequent reductions of steam flow 
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Figure 6.10. Variation of the natural gas mass flow across the HRSG at part-load of a 

supercritical SSFCC power plant with fixed IGV and sliding pressure in the HRSG  

 

 

Figure 6.11. air / fuel ratio in each duct-burner at part-load for a supercritical SSFCC power 

plant with fixed IGV and sliding pressure. The variations are caused by a reduction of the 

natural gas mass flow to accommodate subsequent reductions of steam production 
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Figure 6.12. Variation of CO2 concentrations across each section of the HRSG at different 

loads for a supercritical SSFCC with fixed IGV and sliding pressure in the HRSG. The 

acronyms used to refer to Figure 5.25 

 

Figure 6.13. Variation of O2 concentrations across each section of the HRSG at different 

loads for a supercritical SSFCC with fixed IGV and sliding pressure in the HRSG. The 

acronyms used to refer to Figure 5.25 
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This section is summarised as follow:  

- The variation of the flue gas temperature of the 1st and 2nd duct burners for 

supercritical SSFCC with fixed and sliding pressure in the HRSG configuration 

are similar, especially from 100% to 85% load. 

- The main difference laid in the 4th and 5th for supercritical SSFCC sliding 

pressure where the evaporator is located between 85% and 75% load, more heat 

is needed to change the phase from saturated liquid to saturated vapor. It can be 

seen in Figures 6.4 and 6.5; although the natural gas flow is higher the 

temperature is lower compared with Figures 6.9 and 6.10.   

6.3.3 Subcritical combined cycle with fixed inlet guide vanes and 

sliding pressure operation of the heat recovery steam generator  

Table 6.5 shows the variation of the percentage of the power capacity for each steam turbine. 

In this study, the minimum load for this configuration is 57% in order to be consistent with 

the other configurations, because the LP steam turbine is operating at 28% of its capacity, 

indicated in shaded line. The numbers in bold show that at 46% of load, the LP steam turbine 

does not have vapour and it is not generated power. 

Table 6.5. Variation of load and steam of subcritical SSFCC with fixed IGV, sliding pressure 

in the HRSG and CO2 capture 

Load of power plant % 100 85 75 57 46 

Load of gas turbine % 100 100 100 100 100 

Load of steam turbine % 100 78 63 38 19 

Power output HP steam 

turbine 
MW 142 112 93 63 39 

Load of HP steam turbine % 100 79 66 44 28 

HP steam mass flow t/h 1350 1040 859 568 348 

Power output IP steam 

turbine 
MW 241 190 157 105 65 

Load of IP steam turbine % 100 79 65 44 27 

IP steam mass flow t/h 1350 1073 881 684 359 

Power output LP steam 

turbine 
MW 156 118 90 37 0 

Load of LP steam turbine  % 100 75 58 23 0 

LP steam mass flow t/h 855 658 521 236 0 

LP steam mass flow  % 100 77 61 28 0 

The numbers in bold indicate the main constrain for the LP steam turbine related to the steam mass flow and the 

power that are below the acceptable of 20%, and the reason why this percentage of load is not selected. Shaded 

line indicates the minimum load selected in this study in order to avoid severe damage in the LP steam turbine 
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In the case of subcritical steam conditions, the temperature in all duct burners reduces almost 

linearly with power as shown in Figure 6.14. Steam temperature at the inlet of the HP turbine 

is 601°C, lower than the 630°C under supercritical conditions. 

In the third duct burner, less fuel is needed from 100% to 75% load compared with the other 

two configurations, as can be seen in Figure 6.15. The natural gas mass flow rate is lower, 

but the temperature is higher. The main reason is because the reduction of the capacity of 

lower pressure steam to absorb heat. From 75% to 50% load, in 3rd and 4th duct burners, the 

temperature and natural gas mass flow rate behave similarly to SSFCC with fixed pressure 

and sliding pressure in the HRSG. The main fuel demand is in the last duct burner where the 

evaporator is located. A large amount of heat is needed to change the phase from saturated 

liquid to saturated vapor.  

The air / fuel ratio is shown in Figure 6.16 and the percentage of O2 and CO2 for all duct 

burners at part-load is shown Figure 6.17 and Figure 6.18.    

 

Figure 6.14. Flue gas temperature across the HRSG at part-load for a subcritical SSFCC 

power plant with fixed IGV and sliding pressure in the HRSG. The flue gas temperature in 

each duct-burner varies with the changes in load of the power plant, caused by variations of 

the natural gas mass flow and subsequent reductions of steam flow 
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Figure 6.15. Variation of the natural gas mass flow across the HRSG at part-load of a 

subcritical SSFCC power plant with fixed IGV and sliding pressure in the HRSG 

 

Figure 6.16. air / fuel ratio in each duct-burner at part-load for a subcritical SSFCC power 

plant with fixed IGV and sliding pressure. The variations are caused by a reduction of the 

natural gas mass flow to accommodate subsequent reductions of steam production 
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Figure 6.17. Variation of CO2 concentrations across each section of the HRSG at different 

loads for a subcritical SSFCC with fixed IGV and sliding pressure in the HRSG. The 

acronyms used to refer to Figure 5.24 

 

Figure 6.18. Variation of O2 concentrations across each section of the HRSG at different 

loads for a subcritical SSFCC with fixed IGV and sliding pressure in the HRSG. The 

acronyms used to refer to Figure 5.24 
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The mass flow of the 3rd duct burner reduces more than in the other configurations here. It is 

worth highlighting that the reason for this, as mentioned previously, is the effect of the 

reduction of the steam flow pressure. 

6.3.4 Summary  

Supercritical SSFCC with fixed pressure in the HRSG absorbs more heat in the first than in 

the last duct burners so more natural gas is burnt which maximises the average temperature 

of heat addition. In addition, the higher the temperature of the main steam entering the 

supercritical steam turbine, the higher temperature of the flue gas is across the HRSG.  

After the first duct burner, additional natural gas combustion for the additional steam 

production, the concentration of the CO2 is higher and the O2 is lower than with subcritical 

SSFCC configuration.  

In subcritical SSFCC configuration, more heat is required in the last two duct burners where 

the evaporator is located than in the first. The heat is needed to change the phase from 

saturated liquid to saturated vapor. Although less natural gas is burnt in the first duct burners, 

more fuel is needed in the last duct burners. So at the end, the final CO2 and O2 in these three 

configurations are the same.  

Although the temperature of the flue gas after the last duct burner is similar to the 

supercritical SSFCC configuration, the average temperature of heat addition to the steam 

cycle is lower at part-load than in supercritical configurations, as illustrated in Figure 6.19. 

This has the effect of lowering the thermal efficiency of the steam cycle, as discussed further 

in Section 6.7. The behaviour of the temperature, natural mass flow, CO2 and O2 

concentration, and the air fuel ratio in the duct burners of supercritical SSFCC with sliding 

pressure is a combination of both supercritical SSFCC fixed pressure and subcritical SSFCC 

sliding pressure. From 100% to 85% load, these parameters in the last duct burner behave 

like in supercritical SSFCC fixed pressure. From loads below 85%, under subcritical 

pressure, these parameters in the last duct burner behave more like in subcritical SSFCC 

sliding pressure configuration.   
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Figure 6.19. Average temperature of heat addition of the five duct burners for all 

configurations at 58% load 

6.4 Part-load behaviour of the HRSG and implications for steam 

generation  

The pressure of the main live steam is an important parameter to control at part-load. It 

affects the boiler, the steam turbine operation, and the efficiency of the power plant. Figure 

6.20 shows the variation of the pressure of the main steam across a range of loads. The inlet 

pressure of the HP turbine of the conventional NGCC configuration reduces from 123.7 bar 

at 100% load to 89.6 bar at 51% load of the power plant (100% to 40% gas turbine load).  

The pressure varies significantly when compared with subcritical SSFCC which varies in the 

range from 172.5 bar to 64.9 bar when reducing load from 100% to 50%. In the conventional 

NGCC, the load is reduced by decreasing the power output of the gas turbine as well as the 

power output of the steam cycle. In the case of subcritical SSFCC with fixed IGV and sliding 

pressure configuration as was mentioned before, the power output is reduced by lowering the 

steam cycle output by reducing the sequential supplementary fuel input in the HRSG, 

increasing the charge in pressure ratio across the steam turbines and thus lowering steam 

turbine part-load efficiency.  

Two alternatives are evaluated for supercritical steam generation: fixed and sliding pressure. 

As mentioned in chapter 5, supercritical boilers can operate at fixed pressure or dual mode 

fixed and sliding pressure at expense of additional capital cost. At fixed pressure, the 
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pressure across the HRSG and the pressure of the main steam remain constant as shown in 

Figure 6.20, around 298 bar, when load is reduced from 100% to 50%. But the pressure at 

the inlet of the steam turbine is not constant. At the inlet of the steam turbine, a throttle valve 

is necessary. The effect of pressure drop is useful in throttle valves for reducing load as it is a 

restriction on the turbine. On the other hand, in sliding pressure control, the pressure varies 

from 299 bar at 100% load to 96.4 bar at 50% load. When the load of the NGCC power plant 

is 50%, the load of the gas turbine is 77% and the steam cycle is 52% as shown in Figure 

6.21. On the other hand, when the load of SSFCC power plant with fixed IGV is 50%, the 

load of the steam cycle is 40%. 

 

Figure 6.20. Variation of the inlet pressure of the steam turbine with changes in load of the 

power plants, for four case studies
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6.5 Part-load efficiency without capture  

In order to evaluate the implications of each operating mode on the efficiency of the power 

plant, the part-load performance of the six case studies outlined in Table 6.1 are first 

evaluated in this section without the capture process and compressor unit.  

1. Conventional NGCC configuration with IGV and sliding pressure 

2. Supercritical SSFCC with fixed IGV, and fixed steam pressure 

3. Supercritical SSFCC with fixed IGV, and sliding steam pressure 

4. Supercritical SSFCC with variable IGV, and fixed steam pressure 

5. Subcritical SSFCC with fixed IGV, and sliding steam pressure 

6. Subcritical SSFCC with variable IGV, and sliding steam pressure 

The efficiencies for the outlined case studies are shown in Figure 6.22. The efficiency of the 

NGCC configuration without capture decreases from 59% to 51% when the load is reduced 

from 100% to 41%. The efficiency drops mainly because the efficiency of the gas turbine 

reduces by using the IGV at part-load.   

In the case of the subcritical SSFCC configuration with variable IGV, the efficiency 

increases from 50.1% to 52.3% when the load is reduced from 100% to 50%. The reason for 

this opposite behaviour compared to the NGCC configuration is that less fuel is burnt in the 

duct burners and the marginal thermal efficiency of natural gas firing increases (positive 

effect in the efficiency) as is explained in chapter 4, section 4.2.1. Although the marginal 

efficiency of the steam cycle of the SSFCC configuration increases when less fuel is burnt in 

the HRSG, the use of the variable IGV (negative effect in the efficiency), makes the 

efficiency of this alternative increase only 2.2% compared to 5.8% increase for the 

subcritical SSFCC with fixed IGV configuration where efficiency increases from 50.3% to 

56.0% when the load is reduced from 100% to 50%.   

Supercritical SSFCC with variable IGV and fixed pressure in the HRSG configuration has an 

additional drawback: a throttle valve. The negative effect of the IGV and the throttle valve 

dominates in this configuration. As a result, the efficiency decreases from 52% to 49.7% 

when the load is reduced from 100% to 50%.  

On the other hand, the efficiency of the supercritical SSFCC with fixed IGV and fixed 

pressure configuration increases from 52% to 53.91% when the load is reduced from 100% 

to 50%. The efficiency increases because the effect of the IGV is eliminated. However, when 

compared to subcritical SSFCC at fixed IGV, the efficiency of supercritical SSFCC with 
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fixed IGV, and fixed pressure in the HRSG configuration is higher at load levels between 

100% and 72%. For loads below 72%, the efficiency of subcritical SSFCC with fixed IGV 

becomes higher. The main reason for this is the loss of energy for the throttle valve.  

Irrespective of the mode of steam generation (i.e. subcritical or supercritical), it can be seen 

that the used of variable IGV is detrimental to efficiency. This is the main reason why the 

more efficient part-load strategy is to run the gas turbine at full load and thus maximize work 

output per unit of fuel in the gas turbine and achieve part-load by reducing supplementary 

firing fuel input. 

For both modes of steam generation, a sliding pressure achieves better efficiency than fixed 

pressure operation strategy. This is because the irreversibilites caused by the throttling valve 

at the inlet of the HP turbine are avoided and the pressure ratios across the turbines are 

larger, resulting in a detrimental effect to the turbine isentropic efficiency.  

As the throttling valve causes inefficiencies at part-load, another further configuration is 

evaluated: supercritical SSFCC with fixed IGV, and sliding pressure control in the boiler 

configuration. This alternative represents the highest efficiency and the optimum alternative 

at part-load. The efficiency increases from 52.03% at 100% load to 56.04% at 50% load of 

the overall cycle. However, additional capital cost would be necessary for enabling the boiler 

to operate at supercritical sliding pressure.  

Based on these results for the evaluated configurations without capture, it is clear that the 

operation with IGV has a negative effect on the efficiency on the overall power plant and can 

be disregarded. The difference between capture and with capture is the steam extraction for 

the reboiler which affects mainly the LP steam turbine. The power of the LP steam turbine is 

lower; therefore, the total efficiency of the cycle is reduced. 

Three strategies for part-load operation of SSFCC are selected in the section: 

1. A supercritical SSFCC with constant IGV, and sliding pressure operation in the 

HRSG  

2. A supercritical SSFCC with constant IGV, fixed pressure operation in the HRSG  

3. Subcritical SSFCC with fixed pressure, and sliding pressure operation in the HRSG 

For supercritical steam cycle, both sliding pressure and fixed pressure operation of the 

HRSG are examined in this section (without capture) and in section 6.7 (with capture) since 

there is a trade-off between efficiency and additional capital cost. Subcritical steam 

generation is the lowest capital cost option, with more practical experience.  
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Figure 6.22. Variation of the efficiency of the power plant without CO2 capture at part-load 

operation for six case studies  

6.6 Steam extraction pressure for solvent regeneration at part-load 

Operating pressures of the steam turbines decrease at part-load as a consequence of the 

reduction of the steam mass flow rate. With sliding pressure, the pressure ratios across the 

HP and IP turbines are kept constant as much as practically possible to maintain turbine 

efficiency. As shown in Figure 6.23, the crossover pressure declines as a function of load. 

Here the pressure at full load in the crossover is at 4 bar in order to have a margin to 

overcome the pressure drop from the crossover to the desuperheater. The pressure of steam 

extraction for solvent regeneration has a large impact on performance at part-load. A floating 

crossover pressure is the operating strategy used in this thesis. This is the optimum strategy 

for maximising the part-load performance, as demonstrated in Sanchez Fernandez et al, 

(2016) for coal-fired power plants with post-combustion capture. Although the study was 

applied for coal power plant, it could be applied to a NGCC because the integration strategy 

(steam extraction) links to the efficiency of the cycle through the IP and LP steam turbines 

which are affected by the pressure in the crossover and the amount of steam required in the 

reboiler, and the boiler or HRSG is not affected.   It allows operating with a higher crossover 

pressure at part-load, compared to the alternative where a throttling valve at the inlet of the 

LP turbine is used to increase the crossover pressure. This results in higher steam 
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temperature in the reboiler, a higher stripper pressure in the capture process and lower 

compression work 

 
Figure 6.23. Reduction of cross-over pressure for supercritical and subcritical sequential 

supplementary firing, and the conventional natural gas combined cycle with CO2 capture and 

compressor unit.  Cross-over pressure at design conditions is 4 bar  

6.6.1 Performance of the capture plant at part-load operation  

As mentioned in chapter 5, Table 5.1, the part-load operating strategy of the capture plant 

unit used in this thesis is to maintain stripper pressure as high as possible at part-load and 

adjust the solvent recirculation low rate as proposed in Sanchez Fernandez et al (2016).  

Sanchez Fernandez et al (2016) and Mechleri et al., (2014) explain the basic controls to 

maintain these conditions in the capture plant: 

1. The pressure is controlled by a valve downstream of the condenser following the 

stripper 

2. The capture level of 90% is controlled by adjusting the solvent flow rate 

3. The temperature in the stripper is kept at 120ºC at full load by adjusting the steam 

extraction flow. However, at part-load the temperature reduces below 120ºC as a 

consequence of the reduction of pressure drop at the outlet of the IP turbine and in 

the crossover  

4. A summary of relevant parameters for the part-load operation of a conventional 

NGCC plant with capture are shown in Table 6.6. The small reduction of the 

temperature in the reboiler is not favourable to the vapour-liquid equilibrium in the 
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stripper because the extent of solvent regeneration is reduced and leads to higher 

CO2 lean loading, as explained in chapter 3, sections 3.5.1 and 3.5.2. The lean 

loading increases from 0.269 to 0.272 as indicated in Table 6.6 and the specific 

reboiler duty increases marginally from 3.56 to 3.65 GJ/tonneCO2. At higher lean 

loadings, a larger L/G is needed to achieve the same 90% of CO2 removal. The L/G 

is adjusted at each load to get 90% of CO2 capture. It is increased from 1.47 to 1.6 

when reducing load from 100% to 58%. This leads to providing more energy to 

compensate for the increase contribution of the sensible heat of the solvent to raise 

the temperature of the solvent to the stripper temperature. 

When a conventional NGCC configuration operates at part-load, the mass flow rate of flue 

gas that goes to the capture unit decreases which has a positive effect in the absorber as it 

increases the residence time (Sanchez Fernandez et al, 2016). In contrast, when a SSFCC 

plant operates at part-load, the mass flow rate of the flue gas treated in the capture plant 

remains almost constant, but with a higher concentration of O2 and a lower concentration of 

CO2 compared at full load.  

The capture plant of subcritical and supercritical SSFCC at fixed and sliding pressure 

configurations have similar behaviours to the capture plant of a conventional NGCC when 

operating between 100% and 75% load. However, at 58% load, as the pressure in the 

crossover reduces significantly, the strategy proposed by Sanchez Fernandez et al (2016) is 

adopted, which is “A combination of releasing stripper pressure and increasing the L/G ratio 

in the absorber”.  At 58% load the crossover pressure in the SSFCC is 2 bar, which is lower 

than in the conventional NGCC (3 bar) at similar condition.  

Table 6.6. Capture plant process simulation at part-load of conventional natural gas 

combined cycle 

Load of power plant % 100 84 75 58 

Capture level % 90 90 90 90 

CO2 captured kg/s 69.2 60 55 45.6 

Specific reboiler duty GJ/tonneCO2 3.56 3.58 3.60 3.65 

Lean loading  
kmolCO2/ 

kmolMEA 
0.269 0.2752 0.273 0.272 

Rich loading  
kmolCO2/ 

kmolMEA 
0.4721 0.4725 0.4725 0.4721 

Liquid to gas molar ratio (L/G) - 1.47 1.53 1.5 1.6 

Solvent circulation rate  kmol/s 65.6 59.3 53.5 48.6 

Solvent side reboiler temperature °C 120 120 119.5 118 

Pressure in the reboiler bar 1.9 1.9 1.9 1.9 

Total steam extraction from crossover kg/s 111.2 106 98.08 96 

LP turbine steam flow rate kg/s 77.6 71.9 54.6 42.1 

Fraction of steam extraction kg/s 0.59 0.596 0.642 0.695 
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Figures 6.24 and 6.25 show the reduction of the crossover pressure causing lower operating 

temperatures in the reboiler and increasing the reboiler duty for supercritical and subcritical 

SSFCC. Both configurations have similar a behavior, at 58% load, their stripper pressures 

are released from 1.87 bar to 1.63 bar. The difference of 0.24 bar is because the pressure of 

the main steam for supercritical SSFCC is higher than subcritical SSFCC at full load. 

Releasing the pressure of the stripper for SSFCC was not expected as it does not happen in a 

conventional NGCC. The NGCC operates at part-load using the IGV, in this case, both the 

gas turbine and the steam cycle reduce the power generation. But in SSFCC at fixed IGV, 

the load is reduced only reducing the supplementary fuel in the HRSG. Therefore, the power 

is reduced only using the steam cycle which leads to lower pressure in the crossover 

compared with a NGCC. As a result, in order to reduce the amount of steam and to increase 

the solvent capacity as explained in chapter 3 section 3.5.2, the stripper pressure should be 

released. 

The reboiler duty for supercritical and subcritical SSFCC increases from 3.44 MJ/tonne CO2 

to 3.88 MJ/tonne CO2.  The difference is because of the pressure in the crossover 1.87 bar to 

1.63 bar for supercritical and subcritical, respectively. 

 

Figure 6.24. Performance of the capture unit with constant operating pressure in the stripper 

column. Reboiler duty and reboiler solvent temperature vary with changes in crossover 

pressure, caused by a reduction of steam cycle flow at part-load between 100% and 60% 

load, with 90% capture in the supercritical SSFCC with fixed IGV 
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Figure 6.25. Reboiler duty and reboiler solvent temperature vary with changes in crossover 

pressure, caused by a reduction of steam cycle flow at part-load between 100% and 60% 

load, with 90% capture in the subcritical SSFCC with fixed IGV 

Table 6.7 and 6.8 show the most important results of the capture plant for supercritical and 

subcritical SSFCC operated at part-load. Although the amount of supplementary firing in 

each duct burner is different, the total amount of fuel is the same. As a result, the amount of 

CO2 capture is the same for subcritical and supercritical SSFCC configuration at part-load.  

Table 6.7. Capture plant process simulation at part-load of supercritical SSFCC fixed and 

sliding pressure boiler 

Load of power plant % 100 82.5 72  58 

CO2 captured kg/s 87.7 73.7 63.450 50.3 

Capture level % 90 90 90 90 

Specific reboiler duty GJ/tonneCO2 3.44 3.44 3.48 3.88 

Lean loading  kmolCO2/ 

kmolMEA 
0.2821 0.282 0.303 0.3537 

Rich loading  kmolCO2/ 

kmolMEA 
0.4806 0.4787 0.47507 0.4477 

Liquid to gas molar ratio (L/G) - 4.03 3.73 3.71 5.6 

Solvent circulation rate  kmol/s 76 72 74 104 

Solvent side reboiler temperature  °C 120 119 118 111 

Pressure in the reboiler bar 1.87 1.87 1.87 1.63 

Total steam extraction from IP/LP 

crossover to capture plant 
kg/s 138.2 115.4 99.86 100 

LP turbine steam flow rate kg/s 221 173 143 67 

Fraction of steam extraction kg/s 0.38 0.40 0.41 0.60 
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Table 6.8. Capture plant process simulation at part-load of subcritical SSFCC sliding 

pressure boiler 

Load of power plant % 100 85 75 58 

CO2 captured kg/s 87.7 73.7 63.4 50.3 

Capture level % 90 90 90 90 

Specific reboiler duty GJ/tonneCO2 3.44 3.44 3.52 3.88 

Lean loading 
kmolCO2/kmol

MEA 
0.2821 0.284 0.3137 0.3623 

Rich loading 
kmolCO2/kmol

MEA 
0.4806 0.4785 0.4727 0.449 

Liquid to gas molar ratio (L/G) - 4.03 3.73 3.89 5.43 

Solvent circulation rate  kmol/s 76.8 72.8 76.8 109.4 

Solvent side reboiler temperature °C 120 119.0 117.3 110 

Pressure in the reboiler bar 1.87 1.87 1.87 1.64 

Total steam extraction from IP/LP 

crossover to capture plant 
kg/s 138 115 100 100 

LP turbine steam flow rate kg/s 237.6 182.8 144.6 67.7 

Fraction of steam extraction kg/s 0.37 0.39 0.41 0.60 

6.6.2 CO2 compressor at part-load operation  

Two trains with a similar gear-type centrifugal compressor with seven stages and 

intercooling after each stage are used in all configurations to compress the produced CO2 to 

150 bar for EOR purposes. The inlet and outlet pressures in each stage of the compressor are 

constant at part-load for the conventional NGCC and for both the subcritical and the 

supercritical SSFCC between 100% and 75%. However, for SSFCC configuration at 58% 

load, as the pressure in the stripper is released, the inlet pressure of the first stage of the 

compressor reduces. As described in chapter 3, section 3.5.3, below 75% load, a fraction of 

the compressed CO2 must be recycled in order to avoid surge and prevent damage to the 

compressor. Recycling compressed CO2 increases the auxiliary electricity consumption. 

 Table 6.9 summarises the auxiliary power consumption of the CO2 compression unit at 

various load. The performance stage by stage of the compressor for the NGCC and SSFCC is 

provided in Appendix D. 

Table 6.9. Auxiliary power consumption of the CO2 compressor unit at part-load operation 

Load of power plant % 100 85 75 58 

NGCC MW 22.38 21.31 20.00 19.8 

Supercritical SSFCC MW 31.57 31.67 23.30 23.00 

Subcritical SSFCC  MW 31.57 31.67 23.32 23.30 
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6.7 Variation of the efficiency at part-load operation with integrated 

CO2 capture and compressor unit 

The CO2 capture and the compressor units in operation reduce the efficiency of the power 

plants because of the steam extraction and the power for compressing the CO2. Recycling 

compressed CO2 at loads below 75% penalise even further the efficiency of the NGCC and 

SSFCC power plant configurations.  

Figure 6.26 shows the efficiency over load for the three evaluated power plant configurations 

selected in section 6.5 integrated with CO2 capture, which are: supercritical SSFCC with 

constant IGV, and with two modes of operation in the boiler: fixed pressure and sliding 

pressure in the HRSG; and subcritical SSFCC with constant IGV and sliding pressure control 

in the HRSG. All cases are compared with a conventional NGCC.  

The efficiency of the NGCC decreases from 51.1% at 100% load to 44.5% at 58% load. This 

result is in good agreement with the publication of Rezazadeh et al, (2015) as shown in Table  

B1 in appendix B. Her part-load work including CO2 capture considers load from 100% to 

60% of the GT (68% load of total power output). The reason for this limit is that although 

the minimum stable generation load of a NGCC is around 40-50% of the design capacity 

(IEAGHG, 2012; Rezazadeh et al., 2015; McManus et al., 2007), Rezazadeh et al, (2015) 

said that the impact on the cost of electricity at load below 60% of GT integrated with CO2 

capture is more pronounced. CO2 capture leads to a significantly decreased efficiency and 

the steam for the IP and LP steam turbines is reduced drastically at part-load (IEAGHG, 

2012).  

For SSFCC configurations, the minimum load at part-load with CO2 capture unit is 58% load 

of the cycle (40% load of steam cycle). This is lower than the load proposed by Rezazadeh et 

al, (2015).  

The efficiency of the subcritical SSFCC with fixed IGV, and sliding pressure control with 

CO2 capture increases from 43.15% to 45.79% with load decreasing from 100% to 58%. It is 

almost the same as supercritical SSFCC with fixed IGV and fixed steam pressure in the 

HRSG.  

The efficiency of the supercritical SSFCC with fixed IGV, and fixed pressure in the HRSG 

with CO2 capture is lower than supercritical SSFCC with fixed IGV, and sliding pressure in 

the HRSG. This is due to the throttle valve causing irreversibilities as explained in a previous 

section. The negative effect of the throttle valve in the supercritical SSFCC is higher than the 
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improvements of the efficiency when operating at supercritical steam conditions between 

100% and 85% load. Below 85% load, the efficiency starts increasing because the amount of 

supplementary firing is reduced.  

Supercritical SSFCC with fixed IGV and sliding pressure is the most efficient system at part-

load when operating between 100% and 58% load of the total power output.  

The efficiency increases from 45.6% to 47% when the load of the cycle is reduced from 

100% to 58%. The efficiency is 1.1% percentage points higher than supercritical SSFCC 

with constant IGV and fixed pressure at 58% load.  

 
Figure 6.26.  Efficiency at part-load operation for four case studies with CO2 capture and 

compressor unit  

The Electricity Output Penalty is calculated as using the Equation 6.1. 

For the conventional NGCC plant  

𝐸𝑂𝑃 =  
𝑀𝑊𝑤𝑖𝑡ℎ𝑜𝑢𝑡/𝑐𝑎𝑝𝑡𝑢𝑟𝑒 − 𝑀𝑊𝑤𝑖𝑡ℎ/𝑐𝑎𝑝𝑡𝑢𝑟𝑒  

𝐶𝑂2𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 
   Equation 6.1 

Where  

𝐸𝑂𝑃    Electricity Output Penalty (kWh / tonne CO2) 

𝑀𝑊𝑤𝑖𝑡ℎ𝑜𝑢𝑡/𝑐𝑎𝑝𝑡𝑢𝑟𝑒   Net power output without capture (kW) 

𝑀𝑊𝑤𝑖𝑡ℎ/𝑐𝑎𝑝𝑡𝑢𝑟𝑒   Net power output with CO2 capture and compressor unit (kW) 

𝐶𝑂2𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑  Amount of CO2 capture (tonne / h) 
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For the SSFCC plant 

The equation 6.1 is expressed as follow  

𝐸𝑂𝑃 

=  
𝑀𝑊 𝑜𝑓 𝑎  𝑁𝐺𝐶𝐶 𝑤𝑖𝑡ℎ𝑜𝑢𝑡/𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑓𝑢𝑒𝑙 𝑖𝑛𝑝𝑢𝑡 𝑎𝑠 𝑆𝑆𝐹𝐶𝐶 − 𝑀𝑊 𝑜𝑓 𝑎  𝑆𝑆𝐹𝐶𝐶 𝑤/𝑐𝑎𝑝𝑡𝑢𝑟𝑒 

𝐶𝑂2𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 
 

Equation 6.2 

 

Figure 6.27 shows the electricity output penalty of the power plant configuration with CO2 

capture over the load. It ilustrates the contribution of the capture plant and compressor power 

to the electricity output penalty. As indiacted in Figure 6.26, while the load of the 

conventional NGCC decreases from 100% to 90%, the EOP reduces. Finally, with further 

load decreases from 90% to 58% the EOP increases because of the negative effect of CO2 

and of recycling CO2.  

The EOP of the subcritical SSFCC at fixed IGV and sliding pressure in the HRSG reduces 

between 100% ando 58% load.  

The EOP of supercritical SSFCC with fixed IGV and fixed pressure reduces with decreasing 

the load from 100% to 58% load.  

The energy required for the compressor power and the reduction of the amount of 

supplementary firing have a strong impact on the EOP at part-load 

 

Figure 6.27. Electricity output penalty at part-load operation for four case studies with CO2 

capture and compressor unit  
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When operated at part-load, these configurations show greater operational flexibility by 

utilising the additional degree of freedom associated with the combustion of natural gas in 

the HRSG to change power output according to electricity demand and to ensure continuity 

of CO2 supply when exposed to variations in electricity prices. The optimisation of steady 

state part-load performance shows that reducing output by adjusting supplementary fuel 

keeps the gas turbine operating at full load and at its maximum efficiency when the net 

power plant output is reduced from 100% to 50%.  

For both subcritical and supercritical combined cycles, the thermal efficiency at part-load is 

optimised, in terms of efficiency (as shown in Figure 6.22 where the less efficient 

configuration is discarded and the configurations with higher efficiency are selected) with 

sliding pressure control in the HRSG. Fixed pressure operation is proposed as an alternative 

for supercritical combined cycles to minimise capital costs and provide fast response rates 

with acceptable performance levels. 

One part-load strategy to maximise efficiency consists of maintaining the GT at 100% load. 

The disadvantage is that it increases minimum stable generation to around 60%. This is 

because the steam cycle is oversized compared to a conventional configuration and that the 

steam cycle contributes to the totality of the load reduction. 

6.8 Concluding remarks 

The operating strategy proposed for part-load operation of SSFCC plant configurations 

maximises part-load efficiency by shifting all of the output reduction to the combined cycle 

and keeping the amount of work generated in the gas turbine to a maximum. 

The temperature in each duct burner decreases at part-load because of the reduction of the 

mass flow of the fuel. The reduction of the mass flow of natural gas in duct burners increases 

the efficiency of SSFCC. 

The optimisation of steady state part-load performance shows that reducing the power output 

by adjusting supplementary fuel keeps the gas turbine operating at full load and at maximum 

efficiency when the net power plant output is reduced from 100% to 58%.  

The thermal efficiency of subcritical and supercritical SSFCC at part-load is optimised, in 

terms of efficiency, with sliding pressure control in the heat recovery steam generator. The 

capital cost of the supercritical boiler would increase as it needs to be able to operate in two 

different ways: at supercritical conditions, where there is only one phase, and at subcritical 

condition where two phases exist.  
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Fixed pressure operation is proposed as an alternative for supercritical combined cycles to 

minimise capital costs and provide fast response rates with acceptable performance levels. 

In a conventional NGCC, the amount of exhaust gas reduces as the load is reduced; this has a 

positive effect in the capture unit due to higher residence times of the solvent in the absorber 

column. In SSFCC with fixed IGV, the amount of exhaust gas is almost constant at part-load 

and the CO2 concentration reduces due to the lower amount of fuel firing burnt. This gives a 

negative effect to the capture plant. 

Steam extraction in the crossover at 4 bar is used in this study in order to account for the 

additional pressure drop from the crossover to the desuperheater in the capture plant. 

The lower pressure of steam extraction at part-load in SSFCC compared with a conventional 

NGCC configuration, at 58% load, implies that the stripper pressure needs to be released.  

Results confirm that the net thermal efficiency increases at part-load with SSFCC compared 

with to a conventional NGCC configuration where efficiency reduces at part-load operation.  

When operated at part-load, these configurations show greater operational flexibility by 

utilising the additional degree of freedom associated with the combustion of natural gas in 

the HRSG to change power output according to electricity demand and to ensure continuity 

of CO2 supply when exposed to variation in electricity prices.  

Alternatively, it is possible to lower minimum stable generation, at the expense of efficiency, 

by altering the load of the GT and the load of the steam cycle. This is currently not included 

in the thesis because as discussed in section 6.5, the used of variable IGV is detrimental to 

efficiency and in this work the optimisation is based on selecting configurations of SSFCC 

with the highest efficiency and would consist of additional modelling work. The additional 

work would be worthy for Part-load optimisation where the aim is to maximize revenue 

considering selling CO2 for EOR. This is included as future work in chapter 7 section 7.2.4. 

United State and Canada were identified as countries where supplementary firing could be 

attractive because of the cheap gas price and where supply CO2 for EOR is important. The 

optimum operating strategy of SSFCC defined in this study could be applicable in these 

countries too where the introduction of intermittent renewable energy is growing 

exponentially and, the extreme variation in temperature in winter makes to change the power 

output. In addition, the optimum way to operate SSFCC at part-load could be applicable to 

other alternatives such as sequential gas turbine combustion described in section 3.2.4 and 

combined cycle with additional arcillary boiler. 
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7. Conclusion and future work  

7.1 Conclusion  

A series of new gas-fired new power stations in Mexico with a total capacity of 8 GW is 

currently planned to be constructed less than 100 km away from significant geological CO2 

storage capacity in the form of hydrocarbon reservoirs where CO2 would be injected for 

enhanced oil recovery. Based on the extensive experience around the world using amine 

solvents, Mexico is developing experience in this area, as proposed in Mexico’s roadmap for 

CCUS, and will continue to do so in the future. This indicates that the technology and 

alternatives suggested for Mexico will continue to be focused on amine-based post-

combustion CO2 capture. The first main contribution and novelty of this work is to propose 

the priority CCS project in Mexico. It is proposed that the next steps for four power plants 

located in the inclusion zone: Noreste, Monterrey, Tamazunchale, Oriental I, II, III, IV, IX, 

and X is a technical feasibility study to assess whether they could be built as CCUS- ready or 

whether they could be cost-effectively retrofitted with CCUS. These power plants would 

supply CO2 for the purpose of Enhanced Oil Recovery and could be considered as priority 

CCS project in Mexico. Overall, new gas-fired power stations built in the period 2014-2028 

are expected to result in emissions of up to 50 million tonnes CO2/year. Based on the 

distance and location from the oil field, 19.8 million tonnes/year could be connected to EOR 

projects. As a result, they could supply a large fraction of the demand of CO2 for EOR, 

estimated to be 50 MtCO2 / year in Mexico (Lacy et al, 2013).  

Sequential supplementary firing in the Heat Recovery Steam Generator (HRSG) of NGCC 

plants is evaluated in this thesis, and compared to a conventional NGCC plants with CO2 

capture for EOR, which is the second main thesis contribution and novelty. The technology 

is evaluated in the context of NGCC plants becoming the dominant source of electricity 

generation in Mexico, affordable natural gas prices in North America, and the opportunity 

for additional revenues to electricity sales with connection to an EOR project. Although the 

study was applied for Mexico, it is concluded that it can be applied in countries with similar 

characteristic to Mexico e.g. cheap gas price and opportunities for EOR projects. 

A heat recovery steam generator is proposed where additional fuel is combusted to increase 

the volumes of carbon dioxide available for EOR. The maximum amount of CO2 is produced 

by reducing excess oxygen levels as low as practically possible (of the order of 1% v/v). The 
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total power output of an illustrative sequential supplementary firing configuration with CO2 

capture, consisting of a single gas turbine and heat recovery steam generator train, is 824 

MW with a supercritical combined cycle, 781 MW with a subcritical combined cycle, 

compared to 794 MW for a conventional NGCC configuration with capture with two gas 

turbines and two HRSGs. The difference in the power output is due to the design of the heat 

recovery steam generator where additional fuel burnt increases heat available for steam 

generation in the combined cycle. This allows a reduction by half of the number of 

GT/HRSG trains and of the total volume of flue gas. The reduction of overall capital costs is, 

respectively, 9.1 % relative and 15.3% relative for the supercritical and the subcritical 

configurations compared to the conventional configuration with capture. Both subcritical and 

supercritical sequential supplementary firing configurations also present a reduction in the 

electricity output penalty compared to a conventional NGCC plant with capture.  

The sensitivity of Total Revenue Requirements (TRR) for low-carbon electricity generation, 

a metric combining levelised cost of electricity and revenue from EOR, to CO2 prices and 

fuel prices, is used to compare configurations. Since capital cost estimates are bound to 

include large biases and uncertainties, a sensitivity analysis is performed showing that 

conclusions are robust over a range of gas prices and CO2 prices for EOR, and that 

sequential supplementary firing is advantageous in the context of North American gas prices.  

A comparison between a subcritical and a supercritical SSFCC configuration shows that 

improvements in power plant efficiency with supercritical steam conditions consistently 

result in a lower TRR. At gas prices ranging from 2 to 6 $/MMBTU, supercritical SSFCC 

may receive additional revenues ranging from 1.5 to 4$/MWh for CO2 prices ranging from 0 

to 50$/tonne CO2 compared to subcritical configurations.  

Power plants in Mexico are expected to increasingly operate at part-load in the future due to 

the variation in electricity demand according to the variations in weather conditions, day and 

hour, and working and non-working days (Mexican Ministry of Energy, 2012). The 

electricity demand will be influenced by the introduction of variable, non-dispatchable 

renewable energy. Therefore, the work developed in this thesis extends to examining the 

operational flexibility of SSFCC power plants to change power output according to 

electricity demand, and ensure continuity of CO2 supply when exposed to variations in 

electricity prices; this is the third main contribution and novelty of this thesis. It evaluates the 

efficiency of SSFCC at part-load in order to define the power plant strategy modes that 

maximise power output over a range of fuel input.  
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Operating strategies for sequential supplementary firing power plant configurations are 

examined and compared:  

1. Supercritical with variable IGV and fixed pressure 

2. Supercritical with fixed IGV with fixed in the HRSG 

3. Supercritical with fixed IGV with sliding pressure in the HRSG   

4. Subcritical with variable IGV with sliding pressure in the HRSG 

5. Subcritical with fixed IGV with sliding pressure in the HRSG 

The results of these operating modes are compared with a conventional NGCC with capture 

at part-load where efficiency decreases from 51.1% at 100% load to 44.5% at 58% of load of 

the cycle.  

The optimisation of steady state part-load performance shows that reducing the power output 

by adjusting supplementary fuel keeps the gas turbine operating at full load and at maximum 

efficiency when the net power plant output is reduced from 100% to 58%.  

The efficiency of the supercritical SSFCC with fixed IGV and sliding pressure in the HRSG 

configurations increases from 45.6% at 100% load to 46.98% at 58% load because of the 

increment of marginal efficiency for burning less fuel in the HRSG. The efficiency for 

supercritical SSFCC with fixed IGV and fixed pressure in the HRSG configurations 

increases from 45.6% at 100% load to 46% at 58%. Finally, the efficiency for subcritical 

SSFCC with fixed IGV and sliding pressure in the HRSG configurations increases from 

43.15% at 100% load to 45.92% at 58%. In terms of operating flexibility, the operation of 

the gas turbine at constant inlet guide vanes combined with a reduction of sequential 

supplementary fuel makes SSFCC configuration more flexible than a conventional NGCC. 

Fixed pressure operation is proposed as an alternative for supercritical combined cycles to 

minimise capital costs and provide fast response rates with acceptable performance levels. 

7.2 Future works and recommendations 

The author recommends the following actions as a future work listed in the next 

sections.  

7.2.1 Sequential supplementary firing combined cycle in cogeneration 

system  

Supplementary firing is an alternative to be used for cogeneration of heat and power because 

it makes it possible to control the electricity and thermal output separately (Kehlhofer et al., 
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2009), as discussed in Chapter 5. The Mexican ministry of Energy launched the new future 

prospective of the electricity sector 2015-2029 where cogeneration systems are included for 

the first time. Its participation in electricity generation would be 6.8% in 2029 (Mexican 

Ministry of Energy, 2015). The limited time available during this Ph.D. thesis after the 

Mexican ministry of Energy launched the new future prospective of the electricity sector 

2015-2029, meant that the potential of sequential supplementary firing combined in a 

cogeneration system for industrial applications e.g. refineries and petrochemical industries 

has not been undertaken. 

In a cogeneration system, electricity and steam for the process are important. With the 

incorporation of the capture unit, steam production becomes more important as it would be 

necessary to supply steam for the capture unit and for the process. 

Future assessments of sequential supplementary firing combined cycle recommended by the 

author are:  

1. Evaluate the potential of a cogeneration system in the refineries in Mexico which 

would include an assessment of the current installed capacity and the future capacity 

of cogeneration systems    

2. Evaluate the capacity for LP steam production for post-combustion capture and for 

the integration of the refinery process with sequential supplementary firing 

combined cycle 

3. Evaluate sequential supplementary firing combined cycle for two categories:   

- Power station to supply steam to refinery plants at different pressure levels. Here, 

the power is the first product and steam is secondary  

- Refineries to supply power to the electricity sector. Here the main product is the 

steam and the electricity is secondary 

4. Evaluate the performance of supplementary firing in cogeneration systems with CO2 

capture 

7.2.2 Capture readiness for sequential supplementary firing combined 

cycle  

A capture ready power plant is one that has been designed and built for incorporation with CCS 

technology in future (IEAGHG, 2007). It is very important to prepare future power plants in 

Mexico ready to capture, especially for power plant that would be built in 2023-2028 as 

described in chapter 2. This action leads to a reduction of the capital cost when CCS is 

incorporated in a power plant in the future, as well as the operating cost and a reduction in the 
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energy penalty. In addition, earlier research outcomes could be used to create a technology 

roadmap for the design of new built NGCC power plants and how they will have to operate for 

EOR and reduce CO2 emissions. 

Capture readiness is suggested by the author for new installed gas-fired capacity in planning of 

14,795 MW in 2016-2022 and 26,955 MW in 2023-2028 to be built in Mexico, as discussed in 

chapter 2, section 2.2.4., as well as capture readiness in cogeneration systems. Capture-ready 

design options incorporating sequential supplementary firing are relevant strategies in this 

context, as well as capture ready design options in cogeneration systems integrated with 

refinery processes. 

Modification in the number of duct burners. The main difference between a conventional 

NGCC and sequential supplementary firing consists of necessary modifications to the HRSG to 

accommodate several stages of duct burners and of changes to the steam turbine configurations. 

In the HRSG of a NGCC plant, the temperature of the flue gas is lower than in a coal power 

plant boiler. Therefore, the main contribution to the heat transfer coefficient is due to 

convection (Dumont and Heyen, 2012).  

This is one of the reasons for the short spacing of the tubes. If a NGCC plant were built to be 

made ‘sequential supplementary firing’ ready, without the sequential duct burners initial, as 

shown in Figure 7.1, enough space would be necessary to incorporate the duct burners later. 

This would affect convective heat transfer, and as a result, additional heat loss would occur 

during the operation of the plant without duct firing. These additional losses can be expected 

to be small and a recommendation for future work is to examine the performance of 

‘sequential supplementary firing’ ready unit without duct firing and without capture.  

  

 

Figure 7.1. Supercritical SSFCC without duct burners 
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7.2.3 A detailed capital estimation  

Further work is needed to include site specific considerations and detailed capital estimates 

at basic and detailed engineering stage beyond this conceptual work included in this thesis. 

7.2.4 Part-load optimisation where the aim is to maximize revenue 

Further work is needed for evaluating part-load optimisation where the aim is to 

maximize revenue, not power output using the additional degrees of freedom of 

supplementary firing to 

- Optimise ratio of CO2 to electricity to maximise revenue 

- Establish ways to maintain a minimum CO2 flow for EOR when the plant is 

at minimum stable generation 

7.2.5 The use of steam jet booster   

The additional work will consist in evaluate the alternative of integration “the use of steam 

jet booster at part-load” and to compare with other alternatives in order to analyse the benefit 

over other alternatives of integration that have been evaluated. 

7.2.6 Economic implication of supercritical SSFCC operated in dual 

mode fixed and sliding pressure 

This study is important in order to decide if it is worthy to invest additional capital cost to 

operate at sliding pressure in a supercritical HRSG to increase the efficiency at part-load.    
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Appendix A 

Details of equipment costs for HRSG, ducting and stack; Subcritical steam turbine 

and auxiliary; cooling water system and BOP (Franco et al (2012) 
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Subcritical steam 
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power 
33.7 200 MW 349 MW 263 MW N/A N/A 634 MW 538 MW 0.67 
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Q_rejected 49.6 470 MW 487 MW 490 MW 440 MW 440 MW 480 MW 480 MW 0.67 
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Appendix B 

Mass and energy balance of a conventional NGCC at part-load validation of the 

NGCC, and CO2 capture plant 

 

Figure B1. Conventional NGCC at 100% GT load (Alcaraz, 2015) 
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Figure B2. Conventional NGCC at 80% GT load (Alcaraz, 2015) 
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Figure B3. Conventional NGCC at 70% GT load (Alcaraz, 2015) 
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Figure B4. Conventional NGCC at 50% GT load (Alcaraz, 2015) 
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Figure B5. Conventional NGCC at 40% GT load (Alcaraz, 2015) 
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Appendix C  

Deduction of the heat transfer coefficient (Kehlhofer et al., 2009; Jonshagen, 2011)  
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The heat conductivity through the heat exchanger material is very high compared with ℎ𝑔 

and ℎ𝑣 so it can be neglect. In the economizer and evaporator, the heat transfer coefficients 

on the gas are 0.1 and 0.001 times larger than on the steam side. So equation (8) can be 

simplified as follow: 

33.0Pr4.0Re4.0

11

gg
T

D

g
kU


                                                                                            (9) 



 

 

206 

Then the expression 
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op
 is simplified as follow:  
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The Prandtl number (Pr) is a dimensionless number depending only on the fluid properties 

and state of the fluid. The Pr does not vary greatly for different gases, and the temperature 

dependency is very small. The diameters are fixed and the dynamic viscosity μ can be 

omitted in most cases.  

The expression 
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of the gas. Equation (10) is simplified as follow:  
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If the heat transfer on both sides is considered in the case for superheaters, because the heat 

transfer on the steam side is poorer than in the evaporator. The equation 1 is express as 

follow  
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The equation (14) is more complicated to solve and it depends on the geometric of the heat 

exchanger. In order to avoid using the information of the geometric of the heat exchanger, 
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Aspen plus used a simplified expression equation (15) which depends only with the seam 

and gas mass flow. It gives a good approximation. 
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Appendix D  

Performance of the compressor stage by stage calculated using Equation 3.2 and 

Figure 3.15 

Subcritical and supercritical SSFCC  Conventional NGCC 

Volumetric 

flow 
Pressure ratio Efficiency  

Volumetric 

flow 
Pressure ratio Efficiency  

m3/h (-) (-) m3/h (-) (-) 

stage 1 stage 1 

51,356 2.1260 0.8500 48,459 2.1260 0.8500 

44,680 2.1260 0.8288 42,160 2.1260 0.8288 

38,517 2.1260 0.8075 36,345 2.1260 0.8075 

35,949 2.1260 0.7863 33,922 2.1260 0.7863 

31,327 2.1260 0.7650 29,560 2.1260 0.7650 

stage 2 stage 2 

23,081 2.0287 0.84 18,518 2.0232 0.8400 

20,081 2.0287 0.819 16,110 2.0232 0.8190 

17,311 2.0287 0.798 13,888 2.0232 0.7980 

16,157 2.0287 0.777 12,962 2.0232 0.7770 

14,080 2.0287 0.756 11,296 2.0232 0.7560 

stage 3 stage 3 

11,225 1.8999 0.8300 9,006 1.8951 0.8300 

9,766 1.8999 0.8093 7,835 1.8951 0.8093 

8,419 1.8999 0.7885 6,754 1.8951 0.7885 

7,858 1.8999 0.7678 6,304 1.8951 0.7678 

6,847 1.8999 0.7470 5,494 1.8951 0.7470 

stage 4 stage 4 

5,745 2.0219 0.8200 4,295 2.0173 0.8200 

4,998 2.0219 0.7995 3,737 2.0173 0.7995 

4,309 2.0219 0.7790 3,222 2.0173 0.7790 

4,022 2.0219 0.7585 3,007 2.0173 0.7585 

3,504 2.0219 0.7380 2,620 2.0173 0.7380 

stage 5 stage 5 

2,620 2.0146 0.8100 2,102 2.0114 0.8100 

2,280 2.0146 0.7898 1,829 2.0114 0.7898 

1,965 2.0146 0.7695 1,577 2.0114 0.7695 

1,834 2.0146 0.7493 1,472 2.0114 0.7493 

1,598 2.0146 0.7290 1,282 2.0114 0.7290 

stage 6 stage 6 

1,018 1.8404 0.8000 817 1.8390 0.8000 

886 1.8404 0.7800 711 1.8390 0.7800 

764 1.8404 0.7600 613 1.8390 0.7600 

713 1.8404 0.7400 572 1.8390 0.7400 

621 1.8404 0.7200 498 1.8390 0.7200 

stage 7 stage 7 

530 1.3677 0.7800 425 1.3668 0.7800 

461 1.3677 0.7605 370 1.3668 0.7605 

397 1.3677 0.7410 319 1.3668 0.7410 

371 1.3677 0.7215 298 1.3668 0.7215 

323 1.3677 0.7020 259 1.3668 0.7020 
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Appendix E 

Inlet and outlet pressure of steam turbines at part-load 

Supercritical SSFCC fixed IGV  

 

Subcritical SSFCC fixed IGV  

 

 

Load %

Inlet outlet Inlet outlet Inlet outlet Inlet outlet Inlet outlet

Pressure bar 299.71 80.00 222.11 62.44 176.51 52.96 108.00 35.31 95.89 29.80

Pin / Pout 3.75 3.56 3.33 3.06 3.22

Pressure bar 79.02 42.64 62.73 34.40 52.41 29.04 34.98 19.94 29.50 16.42

Pin / Pout 1.85 1.82 1.80 1.75 1.80

Pressure bar 41.01 4.00 33.15 3.23 28.00 2.73 19.27 1.88 15.84 1.54

Pin / Pout 10.25 10.26 10.26 10.26 10.26

Pressure bar 4.00 0.05 3.16 0.04 2.62 0.04 1.23 0.03 0.68 0.03

Pin / Pout 82.82 71.44 63.57 36.45 22.31

Supercritical steam turbine 

HP  steam turbine

IP  steam turbine

LP  steam turbine

100 84 74 57 52

Load %

Pressure bar 172.47 42.64 134.23 33.22 111.54 27.61 77.00 19.06 46.02 11.39

Pin / Pout 4.04 4.04 4.04 4.04 4.04

Pressure bar 41.40 4.20 32.23 3.35 26.79 2.75 18.50 1.89 11.06 1.12

Pin / Pout 9.85 9.62 9.74 9.80 9.83

Pressure bar 4.21 0.05 3.25 0.04 2.57 0.04 1.21 0.03 - -

Pin / Pout 87.00 75.70 65.29 37.04

100 84 74 57 52

HP  steam turbine

LP  steam turbine

IP  steam turbine
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