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Abstract

Industry is a major contributor to the rise in global CO2 emissions, constituting one fifth of the
global energy consumption, of which significant amount is provided by fossil fuel combustion.
Following the Paris agreement, emphasis has been made on decarbonization of the industrial
sector. This thesis focuses on industrial decarbonization by employing Carbon Capture and
Storage for Combined Heat and Power (CHP) gas turbine plants.

The scope of this thesis includes conceptual modelling and thermodynamic analysis of po-
tential decarbonization options for zero carbon CHP plants. The studied options include
post-combustion capture, exhaust gas recirculation, pre-combustion capture and oxyfuel com-
bustion. As conventional air Brayton cycles are not applicable for oxy-fuel combustion in gas
turbines, different working fluids and cycle configurations are proposed and thermodynamic
performance is evaluated. Selected cycles were then compared based on thermodynamics,
economics and off-Design performance at a typical constant power to heat ratio of 0.78.

It was observed that oxyfuel CHP cycle with CO2 working fluid is a promising solution for zero
carbon CHP with 100% CO2 reduction. However, this solution requires new turbomachinery
design. In view of this, a retrofit analysis is also performed in this thesis which evaluates if
an existing air designed gas turbine can be used for CO2 operation. It was concluded from
this analysis that it is possible to operate an air gas turbine on CO2 by incorporating pro-
posed modifications of higher compressor inlet temperature (473K) and a turbine inlet nozzle
area 20% larger than design. These modifications, however also lead to serious performance
deterioration.
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Chapter 1

Introduction

1-1 Existing Energy scenario

The global CO2 emissions from the energy sector are on the rise since the industrial revolution.
CO2 being a greenhouse gas (GHG), traps heat in the earth’s atmosphere and it’s increasing
concentration by human activities is responsible for global warming. As a result of the Paris
agreement, the aim is to reduce the net GHG emissions in the EU by 55% until 2030 of the
value in 1990 and to achieve net zero emissions by 2050. Major contribution to the total GHG
emissions is from the power, transport and the industrial process heating sector as shown in
figure 1-1.

1-1-1 Industrial process heating overview

According to the International Energy Agency (IEA), industrial heat makes up two-thirds of
industrial energy demand and almost one-fifth of global energy consumption [IEA (2018)].
Figure 1-2 clearly supports the statement and shows the contribution of industrial heat to the
total energy consumption. Common manufacturing industrial processes that require process
heating are metal and non metal melting, metal heat treating, coking, drying, etc. Apart
from these, petroleum refining, pulp and paper and chemical sectors are leading industrial
markets for process heat. Steam heating accounts for a significant amount of energy used in
low and medium grade (200 to 650° C) industrial process heating. For example the fuel used
to generate steam accounts for 89% of the total fuel used in the pulp and paper industry, 60%
of the total fuel used in the chemical manufacturing industry, and 30% of the total fuel used
in the petroleum refining industry [Industrial Process Heating]. Figure 1-3 shows the share
of various industrial sub-sectors to the global CO2 emissions from industry.
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2 Introduction

Figure 1-1: CO2 emissions by year taken from IEA (2020)

Figure 1-2: Image showing that heat represents three quarters of industrial energy demand
worldwide taken from Solar Payback (2017)

Steam is typically generated by fossil fuel combustion in steam boilers. Industrial heat consti-
tutes most of the direct industrial CO2 emitted each year owing to the fossil fuel combustion.
Despite this fact, industrial heat is often missing from energy analyses and research focused
on CO2 reduction [IEA (2018)]. The IEA identifies among others, five key pillars of decar-
bonisation for the industry [IEA (2021)]:
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Figure 1-3: Image showing the share of various industrial sub-sectors to the global CO2 emissions
from industry taken from Naimoli and Ladislaw (2020)

1. Renewable energy

2. Hydrogen and Hydrogen based fuels

3. Energy efficiency

4. Carbon Capture and Storage (CCS)

5. Electrification of process industry from renewable power

Power generated by renewable energy (VRE) shall play a key role in achieving net zero
emissions by 2050. The Roadmap for the net zero power predicted by IEA [IEA (2021)],
suggests a share of 90% power by the VRE. However, the nature of this energy is intermittent
due to the variability of the source. Thus, back up power is needed to stabilize the grid. Large
potential to provide low and medium temperature steam using biomass combustion (up to
400 °C) exist by fixed or fluidized bed boilers. The efficiency of bio-based steam generation
(75 ∼ 90 %) is however, lower than fossil fuels [IRENA (2015)]. Apart from these, renewable
sources like solar thermal and geothermal energy can be directly applied for industrial heat
generation if the distance between the heat source and end user is sufficiently close.

Alternative technology suggested is hydrogen and hydrogen based fuels. However, large scale
deployment of hydrogen based technologies also depends on a large scale hydrogen generation
by electrolysers from renewable power [IEA (2021)].

Electrification of the process sector, also like hydrogen depends largely on power produced by
VRE. Heat pumps can also be used to convert electricity into process heat. Industrial heat
pumps can only supply low temperature process heat (60 to 100 °Celsius) [IRENA (2015)]
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and thus are typically used for space heating and cooling, along with other low temperature
applications indicated in figure 1-2.

Fossil fuelled power plants with carbon capture and storage (CCS) can prove to be an attrac-
tive solution as a back-up for renewable power to stabilize the grid. Not only for the future,
but CCS is also a solution for the present situation, where the existing power generation
assets have a long term of their service life left before being decommissioned to meet climate
goals. Hence, Carbon Capture and Storage, is one of the options that can play a key role in
decarbonisation and is the chosen topic of study and theme of this thesis.

Figure 1-4 shows the different methodologies to generate carbon-free heat for the industry
using the key pillars of decarbonization.

Figure 1-4: A schematic representation of technologies to enable zero-carbon industrial heat
through the utilization of zero-carbon fuels, zero-carbon heat, electrification of heat, and better
heat management technologies taken from Thiel and Stark (2021)

1-2 Combined Heat and Power: Theoretical background

Combined heat and power or Co-generation is an efficient method to reclaim the heat lost from
the electricity generating systems and apply it to the industrial process heating needs. As
mentioned in [CODE2 Project], in 2012, 51.8% of the electricity in the Netherlands was pro-
duced by CHP. In 2017, approximately 68% of district heat production came from combined
heat and power (CHP) plants in the Netherlands.

When compared to separate generation of heat and power, a CHP requires lesser fuel energy
for the same heat and power outputs. This can be illustrated by figure 1-5. Because electricity
can be transmitted across great distances more easily than heat, industrial co-generation
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1-2 Combined Heat and Power: Theoretical background 5

facilities are generally located close to the place where the thermal energy will be used. These
facilities are also scaled to meet the heat requirements of a specific process. If the quantity of
electricity generated is below the local requirement, the balance must be purchased from the
local grid. Conversely, if a surplus of electricity is generated, it can be sold to the grid. This
makes industrial process heat requirement a primary product, and power output a secondary
product of the CHP. A typical example of this scenario is at Dow, ELSTA, where the complete
heat output is delivered for process, and part of the electricity is sold to the grid.

Figure 1-5: Efficiency comparison of CHP and separate heat and power generation

In the example figure 1-5, the reference efficiency values for the power plant and the boiler are
taken as 55% and 90% respectively, which are typical of the current technologies available for
power and heat generation. It can be seen that CHP is definitely more efficient than separate
generation owing to the heat recovery from the gas turbine power plant exhaust.

1-2-1 CHP: Prime mover

The major components of a CHP system are an engine (prime mover), generator, and a
heat recovery steam generator. The characteristics and performance of a CHP depends on
the prime mover selected, which is a gas turbine in this study. The major advantage of
gas turbine systems is the high grade heat available from its exhaust gases. The simplest
configuration of gas turbine CHP is shown in figure 1-6.

Master of Science Thesis R.R. Kapoor



6 Introduction

Figure 1-6: Simplified flow diagram of a CHP

Sometimes, a duct burner for supplementary firing is also included between the Gas turbine
exhaust and the HRSG system so that it can generate additional steam beyond the quantity
that the gas turbine exhaust heat can provide.

R.R. Kapoor Master of Science Thesis



1-3 Review of carbon capture and storage technologies 7

1-3 Review of carbon capture and storage technologies

1-3-1 Classification of CCS

Carbon capture technologies focus on separation of CO2 from other condensable or non-
condensable gases which form a part of the working fluid in the power cycle. Figure 1-7
shows classification of the different technologies available:

Figure 1-7: Classification of carbon capture technologies

The primary differentiation is based on whether carbon dioxide is removed from the flue
gases after combustion (Post combustion capture) or from the fuel before combustion (Pre-
combustion capture). For post combustion capture, the oxidizer in the combustion chamber
can be oxygen or air. The air-fuel category is based on thermodynamic Brayton cycle whereas
the oxyfuel category is based on advanced oxyfuel cycles. Figure 1-8 illustrates the concepts
of these technologies.
In exhaust gas recirculation, a part of the exhaust gases from the HRSG is recirculated back to
the compressor of the gas turbine. It is a transition between air-fuel and oxy-fuel combustion.
Figure 1-9 shows the locations of different capture technologies on a process flow diagram of
a CHP.

1-3-2 Theory of CCS

Post combustion CO2 capture utilizes the concept of reactive absorption. In post combustion
capture, the CO2 from the flue gas of the plant generated by combustion of fossil fuels are
absorbed into the solvent by a chemical reaction. The solvent is later regenerated to remove
the CO2 which is later transported and stored. This method suffers from a disadvantage of
large energy requirement for the solvent regeneration. Moreover, the energy requirement is an
inverse function of CO2 concentration in the flue gas which is very low at gas turbine exhaust
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Figure 1-8: Carbon capture technologies. (a) Pre-combustion capture, (b) oxy-fuel processes
and (c) post-combustion processes taken from Soothill et al. (2013)

due to the presence of nitrogen in the flue gas. This nitrogen comes from the high excess air
(100 ∼ 300%) used in the combustion chamber since nitrogen acts as a diluent to lower the
flame temperature and ensure that the design turbine inlet temperature is achieved. To avoid
nitrogen from acting as a barrier in carbon capture, three solutions are possible.

1. Remove CO2 before nitrogen (air) enters the system, i.e., CO2 must be removed from
the fuel before combustion - Pre-combustion capture.

2. Increase the concentration of CO2 in the exhaust gases by recirculating the CO2 con-
taining gas back to the GT. - Exhaust Gas Recirculation (EGR)

3. Removing nitrogen from the air before it enters the combustion chamber, i.e. using
pure O2 as the oxidizer.- Oxy-fuel combustion.

1-3-3 Current status of carbon capture technologies

Figure 1-10 shows the development of the commercial CCS facility over the past decade.
Today, there are 65 commercial CCS facilities. CCS facilities currently in operation can
capture and permanently store around 40 Mt of CO2 every year. There are another 34 pilot
and demonstration-scale CCS facilities in operation or development and eight CCS technology
test centres [Page et al. (2020)].
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Figure 1-9: Image showing locations of different capture technologies on a process flow diagram
of a CHP

Figure 1-10: Year wise development of the commercial CCS facility over the past decade, taken
from Page et al. (2020).
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1-4 Research scope

The scope of this thesis includes:

• Design, modeling and thermodynamic evaluation of the different carbon capture and
storage technologies discussed (broadly, post-combustion capture, pre-combustion cap-
ture and oxy-fuel combustion), for a natural gas combined heat and power gas turbine
plant. New concepts are designed and proposed for the oxy-fuel combustion technique.

• A relative comparison of these techniques at fixed design conditions and constant heat
and power output. The options will be compared based on thermodynamic performance
(overall CHP efficiency and CHP electric efficiency), CO2 emissions, Levelized Cost of
Electricity (LCOE), and power flexibility.

• Finally, based on the results of the comparative analysis, a retrofit solution is proposed
to realise a best-performing theoretical concept in an actual power generation scenario.

This study is done for a typical CHP installation at Dow, ELSTA. A constant process steam
demand of 400 tonnes/hr at 90 bar and 326 °C is used throughout this study. As discussed,
flexibility is the key for future CHP generation, this thesis also deals with the Off-design
analysis of several options.

1-5 Research questions

The following research questions will be answered during the course of this thesis:

1. How is the thermodynamic performance of a CHP plant affected by the introduction of
post-combustion capture at both, design and off-design?

2. How can the performance of a CHP with post combustion capture be improved?

3. How can a cycle with pre-combustion capture be designed and optimized? What is the
effect on thermodynamic performance of introducing pre-combustion capture?

4. What are the different thermodynamic CHP cycle configurations and working fluids for
oxy-fuel combustion in gas turbines?

5. How do the different configurations compare to each other at different design conditions?
Which configuration suits best to the design condition studied in this thesis?

6. What is the economic performance of the studied cycles?

7. Can an existing air breathing CHP installation be retrofitted to operate on CO2 as the
working fluid? If yes, how can this be achieved?
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1-6 Report structure

This section covers in brief, the scope of the thesis by elaborating on the contents and the
flow of the report.

Chapter 2 discusses the modelling and thermodynamic analysis of a CHP cycle with post
combustion carbon capture, and two different variants of exhaust gas recirculation. Results
are analysed at both Design and off-Design conditions.

In chapter 3, CHP configuration with pre-combustion capture is developed and optimized,
with the performance analysed again, at design and off-design.

In Chapter 4, novel CHP cycle configurations are developed and different working fluids are
studied for the Oxy-fuel combustion concept. These cycle concepts are compared to each
other at different design output conditions. Best performing cycles are selected for further
comparison with the post combustion and pre combustion concepts studied in Chapters 2 and
3.

This comparison is drawn in chapter 5, where the thermodynamic comparison of different
zero carbon technologies is also supplemented with an economic analysis.

It is concluded in chapter 5 that CO2 as a working medium is a very promising option for low
cost CO2 capture & storage for a CHP installation. Consequently, in Chapter 6, it will be
analysed if an air based gas turbine cycle can be retrofitted to Oxy-fuel CHP cycle with CO2
working fluid. Different modifications to the gas turbine for a successful retrofit will also be
proposed.

Finally, Chapter 7 summarises all the important findings from all the chapters of this thesis
and answers the posed research questions. Some future recommendations are also proposed.
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Chapter 2

CHP with Post combustion capture

2-1 Introduction

Technologies for separation and capture of CO2 from flue gas streams are based on different
physical and chemical processes including absorption, adsorption, membranes, and cryogenics.
The choice of a suitable technology depends on the characteristics of the flue gas stream, which
depend mainly on the power plant technology [Rao and Rubin (2002)].
Rao and Rubin and Wang et al. have shown that CO2 absorption systems are the most
suitable for combustion based power plants for the following reasons:

1. CO2 absorption is a mature technology which is commercially available and is in use
today.

2. It is an end-of-pipe technology. Thus, it can be retrofit into existing power plant systems
without major modifications.

CO2 absorption can be of two types: Physical absorption and chemical absorption. As chem-
ical absorption is the chosen CO2 capture technique in this chapter, it is discussed in detail.
In reactive/chemical absorption, the CO2 molecules react with the amine solution to form
a weakly bonded chemical compound. CO2 is later recovered from the solution by allowing
reverse reaction (stripping) and regenerating the solvent at high temperatures. Figure 2-1
shows a simplified process diagram for chemical absorption. The flue gas from the HRSG is
cooled before it enters the absorber. The equilibrium solubility of CO2 in the amine solution
increases with decreasing temperature of the flue gas [Kohl and Nielsen (1997)]. Kwak et al.
(2012) finds that 40 °C is the optimum flue gas entry temperature. As high temperature
reverses equilibrium, the temperature of the stripper is maintained sufficiently high for amine
regeneration and CO2 liberation [Abu Zahra (2009)]. These high temperatures in the stripper
are achieved by supplying heat (in the form of steam from the HRSG) to generate steam in
the reboiler which acts as a stripping gas. Therefore, CO2 capture by amine absorption is an
energy intensive process, and thereby a source of CO2 itself. In consequence, we shall focus
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14 CHP with Post combustion capture

Figure 2-1: Simplified process flow diagram of chemical absorption process for post-combustion
CO2 capture

on minimizing reboiler duty to make the carbon capture process, and hence the complete
system more efficient. The CO2 rich flue gas from the gas turbine followed by a cooler enters
the absorber at the bottom and treated gas leaves from the top. The rich amine solution from
the absorber passes through the cross heat exchanger where it gains heat from the lean amine
solution from the stripper. The high temperature (around 100-140 °C) rich amine solution
enters the stripper at the top and releases CO2 into the steam generated in the reboiler. The
stream containing CO2, steam and traces of amine leaves the stripper from the top into a
partial condenser where gaseous CO2 is sent to the compression train while the condensed
water is returned to the stripper as a reflux.

In physical absorption, the CO2 is captured by diffusion of CO2 molecules in the sorbent
and the sorbent is regenerated by flashing at low pressures. The diffusion of CO2 in amines
takes place by Henry’s solubility. According to Henry’s law, the solubility of the gas in the
absorbent is proportional to the partial pressure of the acid gas (CO2) in the flue gas mixture.

Solubility = kgas · p (2-1)

where k is the Henry’s constant and p is the partial pressure of the CO2 in the gas. Figure
2-2 shows a clear distinction about when physical or chemical absorption is applicable based
on partial pressure of CO2 in the gas.
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Figure 2-2: Absorption capacity of physical and chemical absorption with respect to CO2 partial
pressure in the gas, taken from Espinal et al. (2013).

It can be seen that for partial pressures to the right of point B, physical absorption is favored
over chemical absorption. Stewart (2014) suggests that this point (B) is around 3.5 bars
which is approximately 100 times higher than the CO2 partial pressure in the gas turbine
exhaust gas (∼ 3.5 kPa). Hence, the exhaust gas needs to be pressurized to a very high value
(such that the CO2 partial pressure in the gas is above point B), if physical absorption has
to be applied for gas turbine exhaust gas treating. This makes physical absorption inefficient
for post combustion capture. Thus CO2-amine (chemical) absorption is the most commonly
used post combustion capture technology and will be studied in this chapter.

2-1-1 Exhaust Gas Recirculation (EGR)

As it can be seen in figure 2-2, after a certain point A, chemical absorption becomes insensitive
of the CO2 partial pressure. Below point A, the CO2 partial pressure is so low that it hinders
mass transfer of CO2 into the amine solution. With less CO2 being transferred, the absorption
reaction is inhibited and thus chemical absorption becomes less efficient. This range is typical
of CO2 partial pressure in gas turbine exhaust gases where CO2 concentration is around 3%
by volume. Thus amine scrubbing of CO2 is less advantageous at low CO2 partial pressures
and high amount of energy is needed for its regeneration. Li et al. (2011) gives a relation
between the regeneration heat required and CO2 concentration in figure 2-3.

Figure 2-3 also suggests that the heat duty is lower and relatively insensitive to CO2 concen-
tration above 7 ∼ 8%. This provides a motivation for increasing CO2 mole % at the capture
inlet which can be achieved by recirculating the CO2 containing exhaust gas back to the GT.
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Figure 2-3: Reboiler heat duty as a function of CO2 concentration taken from Li et al. (2011)

The following sections will deal with the thermodynamic cycles developed on the discussed
concepts namely:

1. CHP with post combustion capture

2. CHP with post combustion capture and Cooled exhaust gas recirculation.

3. CHP with post combustion capture and Uncooled exhaust gas recirculation
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2-2 CHP with post combustion capture

A simplified process flow diagram of a CHP integrated with the absorption unit is shown in
figure 2-4 with the capture unit highlighted by red dotted lines. Steam for the regeneration
is generated in the HRSG at 90 bar and expanded in the steam turbine before it enters the
reboiler. A GE 9F gas turbine is employed for this case.

Figure 2-4: Process flow diagram of CHP with post combustion capture using amine stripper

2-2-1 Design and Off-Design parameters

The standard control (IGV+ TIT) for gas turbine is used, in that the load is reduced by IGV
(Inlet Guide Vane) control until its limit of a minimum mass flow rate is reached. For further
load reduction, the TIT (Turbine Inlet Temperature) is reduced at constant mass flow rate.
The reader is referred to Appendix A for the theory on load control in gas turbines by IGV
and TIT methods. Table 2-1 shows the mass flow rate and TIT values at different gas turbine
loads.

Gas Turbine Load 100 90 80 70 60 50 40 30 20 10
Compressor Inlet
mass flow (kg/s) 596.5 546.3 506.4 466.7 450.5 450.5 450.5 450.5 450.5 450.5

Gas Turbine
Inlet Temperature (°C) 1267.9 1267.9 1267.9 1265.7 1204.6 1103.2 998.0 888.1 771.9 647.4

Table 2-1: Controlled parameters: Compressor inlet mass flow and Turbine Inlet Temperature
for different part loads
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2-2-2 Results and Discussion

For the basic operations at Off-Design in the standard Inlet Guide Vane control + Turbine
Inlet Temperature control, the reader is again referred to Appendix A. Figure 2-5 shows the
CHP electric efficiency and the CHP Total energy efficiency (TEE) at design and Off-Design
for standard IGV+TIT control.

Figure 2-5: Image shows CHP electric efficiency [left] and CHP Total Energy Efficiency (TEE)
[right] with Net power at Off-Design. Design point shown by dot at full load

1. The total energy efficiency increases for IGV operation and decreases for the TIT op-
eration. The major contributor to the energy loss is the heat required by the reboiler
for CO2 capture. Hence it is expected that the total energy efficiency follows an inverse
trend of the energy associated with CO2 capture. The energy required by CO2 capture
is in fact an inverse function of the CO2 concentration at the capture inlet as already
discussed in 2-1-1 and validated by figure 2-6. Hence, it can be concluded that the total
energy efficiency directly depends on the CO2 mole percent at exhaust.

2. In right figure 2-6, it can be seen that the CO2 concentration increases in the IGV
operation and decreases for the TIT operation. This occurs as in IGV, increase in duct
burner firing increases the CO2 concentration at absorber inlet and in TIT, reduction
in gas turbine firing lowers the CO2 concentration. Thus, at part load, IGV control
improves fuel utilization while TIT control deteriorates it.
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Figure 2-6: Image shows Specific reboiler duty [left] and CO2 concentration at absorber inlet
[right] with Net power at Off-Design. Design point shown by dot at full load
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2-3 CHP with Post Combustion Capture and Cooled Exhaust Gas
Recirculation

Figure 2-7: Process flow diagram of CHP with post combustion capture and cooled exhaust gas
recirculation

A simplified process flow diagram of a CHP with with Post Combustion Capture and Cooled
Exhaust Gas Recirculation is shown in figure 2-7. The exhaust gas from the HRSG is cooled
and water is condensed before it is recirculated back to the gas turbine. The cooled recir-
culated gas is mixed with air in order to maintain the design mass flow rate at GT inlet.
At Off-Design, the mass flow rate of the gas at inlet is governed by the part load control
technique employed [Refer Appendix A]. Bolland and Mathieu have simulated this condition
at full load and they have concluded that cooled EGR for a combined cycle gas turbine plant
does not offer any major improvement in the electric performance at full load. In this section,
it is analysed if the same conclusion is valid for a combined heat and power plant.
When the amount of exhaust gases recirculated and mixed with fresh air increases, the O2
concentration at GT inlet decreases. ElKady et al. and Rokke and Hustad show that the
minimum O2 concentration at gas turbine inlet must be around 15% for stable combustion.
This limits the maximum EGR ratio. The maximum EGR ratio in this case was determined
to be 35%. For this study, there is no recirculation at design, but the increasing recirculation
is simulated as an Off-Design condition as discussed in the next section.

2-3-1 Design and Off-Design parameters

Table 2-2 shows the Off-Design input cases for cooled exhaust gas recirculation. EGR ratio
is defined as the ratio of the gas recirculated to the total mass flow of gas at exhaust. Case
1 to 8 correspond to the Off-design conditions with increasing EGR ratio, starting from 0
recirculation at a design load of 100%. From cases 9 to 16, the standard control (IGV+TIT)
is adopted for load reduction at a constant maximum recirculation ratio.
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Case 1 2 3 4 5 6 7 8
Gas Turbine Load (%) 100 100 100 100 100 100 100 100
EGR ratio 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Case 9 10 11 12 13 14 15 16
Load 90 80 70 60 50 40 30 20
EGR ratio 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35

Table 2-2: Off-Design input parameters for Post combustion capture with Cooled Exhaust gas
recirculation

2-3-2 Results and Discussion

1. The dotted red lines in figures 2-8 and 2-9 represent EGR operation. When the EGR
ratio is increased at Off-Design, in table 2-2 from column 1 to 8, the total energy
efficiency increases at a constant load equal to design load in figure 2-8. This is a result
of increasing CO2 concentration at absorber inlet due to higher flue gas recirculation at
constant net power as shown in right figure 2-9. As the gas is cooled before recirculation
up to the design compressor inlet temperature, the gas turbine mass flow rate does not
change from design and thus, the power output with increasing EGR is constant. The
CHP Total Energy Efficiency (TEE) increases at constant power until the maximum
recirculation, after which, its trend follows that for IGV operation (in table 2-2, column
9 to 12).

2. Another observation is that the TEE is higher at the design condition with no recir-
culation compared to the case with only post combustion capture (difference shown by
separate blue and yellow dots at design point). This is a result of cooling and condens-
ing the combustion generated H2O from the gas before it enters the absorber at design.
H2O condensation increases the CO2 concentration at the absorber inlet as shown in
right figure 2-9.

3. Further observation of figure 2-8 reveals that in TIT operation, the decrease in TEE is
actually flat even though the CO2 concentration in TIT operation decreases rapidly as
shown by right figure 2-9. The negligible sensitivity of the TEE to the CO2 concentration
can be explained by figure 2-3. As the reboiler duty itself is less sensitive to the CO2
concentration between 7 to 9 mole %, the TEE is unaffected. This can also be validated
from figure left 2-9.

It can be concluded that cooled exhaust gas recirculation improves the design as well as part
load efficiency.
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Figure 2-8: Image shows CHP electric efficiency [left] and CHP Total Energy Efficiency (TEE)
[right] with Net power at Off-Design for Post combustion capture(PCC) and Post combustion
capture with cooled Exhaust gas recirculation (CEGR-PCC). Design points shown by dots at full
load

Figure 2-9: Image shows Specific reboiler duty [left] and CO2 concentration at absorber inlet
[right] with Net power at Off-Design for Post combustion capture (PCC) and Post combustion
capture with cooled EGR (CEGR-PCC) case. Design points shown by dots at full load
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2-4 CHP with Post Combustion Capture and Uncooled Exhaust
Gas Recirculation

Figure 2-10 shows a simplified process flow diagram for the Uncooled EGR case. Exhust gas
recirculation without cooling reduces the GT inlet mass flow rate as explained in detail in
Appendix A, and can be used to control the GT load. In figure A-6, it is shown that EGR
has the highest part load efficiency for a CHP. Therefore, it is both an efficient load control
and an efficient CO2 capture technique. The reader is referred to Appendix A for theory of
Off-Design operation with EGR.

Figure 2-10: Process flow diagram of CHP with post combustion capture and uncooled exhaust
gas recirculation

2-4-1 Design and Off-Design parameters

Table 2-3 gives the Off-Design parameters for uncooled exhaust gas recirculation. Rows 1
and 2 (Load and EGR ratio) are inputs given to the model while the inlet temperature to the
compressor is calculated by the model.

2-4-2 Results and Discussion

1. Dotted lines in figures 2-11 and 2-12 represent EGR operation. For increasing exhaust
gas recirculation from 0% to 35%, the net power delivered reduces even at full load and
the TEE increases as shown in right figure 2-11. Power decreases as a result of lower
mass flow rate due to higher temperature than design at compressor inlet.

2. As energy is lost by heat rejection from the system due to cooling and condensing in
cooled EGR, its effect of reducing the TEE dominates below a part load power value of
2.25 MW where uncooled EGR is more efficient.
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Case 1 2 3 4 5 6 7 8
Gas Turbine Load (%) 100 100 100 100 100 100 100 100
EGR ratio 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Compressor
Inlet Temperature (°C) 46.1 46.8 47.6 48.5 49.5 50.6 51.8 53.2

Case 9 10 11 12 13 14
Load 90 80 70 60 50 40
EGR ratio 0.35 0.35 0.35 0.35 0.35 0.35
Compressor
Inlet Temperature (K) 53.3 53.4 53.5 52.9 52.1 51.3

Table 2-3: Off-Design input parameters for Post combustion capture with Uncooled Exhaust gas
recirculation

Figure 2-11: Image shows CHP electric efficiency [left] and Total Energy Efficiency with Net
power at Off-Design for Post combustion capture (PCC), cooled EGR (CEGR-PCC) and uncooled
Exhaust gas recirculation (UEGR-PCC). Design points shown by dots at full load

3. Also, the minimum limit of part load power for uncooled EGR is lower than for cooled
EGR. For the cooled EGR case, due to H2O condensation before recirculation, the O2
concentration at compressor inlet is higher than uncooled EGR at the same recirculation
ratio. As the O2 concentration before combustion decreases continuously with decrease
in power, the limit of minimum O2 concentration at combustor inlet for the uncooled
EGR case is attained at a load value higher than the cooled EGR case. So, very deep
part load operation is limited for the uncooled EGR case.

4. Slopes of the TEE curves for EGR cases are lower than the Post Combustion Capture
(PCC) case in both IGV and TIT operation (TEE curves are flatter for EGR). This is
due to the fact that in EGR, the CO2 concentration is in the higher range where the
reboiler heat duty is less sensitive to the CO2 concentration.
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Figure 2-12: Image shows Specific reboiler duty [left] and CO2 concentration at absorber inlet
[right] with Net power at Off-Design for Post combustion capture (PCC), cooled EGR (CEGR-
PCC) and uncooled EGR (UEGR-PCC) case. Design points shown by dots at full load

2-5 Summary

Some important observations from the figures 2-11 and 2-12:

1. In IGV mode: EGR gives highest efficiency magnitude for a particular load while
PCC gives highest efficiency gain per unit reduction in power. The efficiency increase
is flatter for EGR than for PCC.

2. In TIT mode: The efficiency drop is flatter for EGR than for PCC. EGR gives the
highest efficiency magnitude. The problem of efficiency deterioration in TIT control
makes deep part load control inefficient in PCC.

3. In this thesis, it is observed that the control combination of EGR + IGV + TIT offers
best efficiency at part loads for CHP with post combustion carbon capture. Similarly, in
the paper by [Steimes et al.], it has been reported that the optimum control combination
for a CHP without capture is EGR + TIT + IGV.
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Chapter 3

CHP with Pre combustion capture

In this chapter, the performance of a gas turbine system fired by hydrogen generated from
methane will be studied as a potential carbon dioxide reduction technique. This technique
concentrates on the conversion of fuel rather than on exhaust or oxidizer, therefore much
lower quantities of working fluid is required to be conditioned which reduces equipment costs
and energy requirement [Lozza and Chiesa (2002)]. The benefit of pre-combustion capture is
based on the conversion of carbon fuel to carbonless fuel.

First the pre-combustion capture cycle design proposed in this thesis will be discussed, fol-
lowed by its parametric settings. Finally, a discussion on cycle performance will conclude the
study for this chapter.

3-1 Cycle description

Figure 3-1 shows the process flow diagram of a Pre-combustion carbon capture CHP system.
In this technique, the fuel (methane or natural gas) is converted to syngas which consists of
H2, CO2 and CO. The conversion takes place by either Steam methane reforming, partial
oxidation or Autothermal reforming. Steam methane reforming is by far the most mature
and commonly used technology for hydrogen production [Basile et al. (2015)], and hence is
used in this study. This syngas then undergoes a water gas shift reaction to convert nearly
90 % of CO to CO2. The reactions are given as:

SMR : CH4 + H2O −−⇀↽−− CO + 3 H2 ∆H◦298 = 206.0 kJ/mol (3-1)

WGS : CO + H2O −−⇀↽−− CO2 + H2 ∆H◦298 = −41 kJ/mol (3-2)

Thus the outlet of WGS contains predominantly H2 and CO2, with traces of methane and
CO. In this study, H2 is separated from this stream by physical absorption CO2 capture.
Unlike gas turbine exhaust, the syngas stream has a higher CO2 partial pressure (around 350
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kPa), and hence, physical absorption can be used. The H2 rich gas is then used as a fuel in
the gas turbine. The rest of the operation of the CHP is usual without any modifications
except that the working fluid in the gas turbine is majorly water and nitrogen. This modifies
the GT operation slightly as studied extensively by [Chiesa et al.]. The steam generated from
the GT exhaust at design is in excess to the process demand. This excess steam is expanded
in a condensing steam turbine (not shown) delivering extra power.

Figure 3-1: Process flow diagram of a simple pre-combustion capture cycle

There are several optimizations proposed to the basic cycle in this thesis to improve ther-
modynamic performance and lower the CO2 emissions. They are elaborated in the following
sections:

3-1-1 Cycle Optimization 1: H2-fired Steam Methane Reformer (SMR)

Conventional SMR requires CH4/fossil fuel firing to increase the temperature in the SMR
to the high temperature required by reaction thermodynamics. This makes the SMR itself
a source of CO2 which requires separate treatment. One novelty of the system designed in
this thesis is the internally-generated-hydrogen fired SMR which requires a new design of the
SMR burner. So, hydrogen is generated in excess to that required by the gas turbine and the
duct burner to fire the SMR.

3-1-2 Cycle Optimization 2: Heat integration

There are several heat integration potentials in the cycle that are exploited in this thesis and
the cycle is optimized for maximum energy utilization. They are explained below:

3-1-2-1 Syngas recuperator

The syngas from stem methane reformer leaves the SMR at a high temperature of 900 °C
and has to be cooled to a lower temperature for the upcoming WGS. This syngas is cooled in
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the Syngas recuperator (SR) as shown in figure 3-2 by heating the steam-methane mixture
that enters the SMR. Increasing the SMR feedstock temperature would lead to lower fuel
requirements for raising the SMR temperature.

3-1-2-2 Low Temperature Preheater

In the WGS reactor, the temperature of the syngas increases, which again needs to be cooled
to the CO2 absorber temperature. This is a low temperature heat which is exchanged with
the air going to the SMR in the Low temperature Preheater (LTP) in figure 3-2. Preheating
the air entering the SMR again reduces the fuel consumption in the SMR.

3-1-2-3 High Temperature Preheater

The flue gas from the SMR exits at a very high temperature of 1000 °C. The high grade heat
from this flue gas is exchanged in the High Temperature Recuperator (HTR) in figure 3-2
with the preheated air coming from the low temperature recupertor. A large amount of high
grade heat is thus retained in the cycle.

3-1-2-4 Heat Recovery Steam Generator 1

As the preheated air entering the HTP from the LTP is already heated, the energy from the
flue gas leaving the LTP is not utilized completely. Thus the remaining energy from the flue
gas is extracted in the HRSG 1 which generates steam for the SMR reaction as shown in the
figure 3-2.

The final Process flow diagram after the optimizations is shown in figure 3-2.

Figure 3-2: Image shows the process flow diagram of the optimised pre-combustion capture
cycle.
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3-2 Design parameters for the cycle

The process design setting is elaborated in the following paragraphs.

3-2-1 Operating temperature of SMR and WGS

Steam methane reforming reaction is highly endothermic, and the reaction is preferred at
high temperatures of 800 to 900 °C. The WGS reaction is an exothermic reaction, hence the
shift reactor is maintained at low temperatures. Thus the syngas is cooled between the SMR
and the WGS reactor in the Syngas recuperator.

3-2-2 Operating pressure of SMR and WGS

A mole increasing reaction like SMR is favored at low pressures, whereas WGS reaction is
independent of pressure. The lowest pressure of operation is limited by fuel pressure desired
by the gas turbine combustion chamber which in this case is 30 bar.

3-2-3 Steam to methane ratio (S/C) at the inlet to SMR at design

The methane conversion increases with high steam to carbon ratios, but this comes at the
cost of efficiency reduction by generating excess steam than the stoichiometric requirement
which is S/C = 1. Madona et al. show that steam to carbon ratios must be high at around
S/C = 2.5 ∼ 4 to avoid carbon deposition in the reformer.

The table 3-1 shows the final design parameters for the cycle. The reader is referred to the
appendix C for details on how the design parameters affect the SMR performance.

Input Value Unit
Steam methane reformer
Syngas outlet temperature 900 °C
Operating pressure 30 bar
Inlet Steam to methane ratio 4:1 –
Water gas shift reactor
CO conversion 90 %
CO2 capture unit
CO2 capture efficiency 95 %

Table 3-1: Design parameters for Pre-combustion capture cycle

3-3 Results and discussion

The performance of the pre-combustion capture cycle is computed for the 9F gas turbine to
compare the Pre combustion capture cycle with the post combustion capture cycle.
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3-3-1 Design and Off-Design analysis

Figure 3-3 shows the CHP electric efficiency and CHP Total Energy Efficiency (TEE) at Off-
Design. The load control technique used for Off-Design analysis is again IGV + TIT control
[Refer Appendix A]. The CHP electric efficiency decreases at part load which is typical for
IGV+TIT control.

Figure 3-3: Image shows CHP electric efficiency [left] and Energy utilization factor [right] with
net power at part load of the gas turbine. Green dots represent the design condition for the GE
9F gas turbine.

Figure 3-4: Image shows the fuel conversion efficiency with Net power at Off-Design.Green dots
represent the design condition for the GE 9F gas turbine

Figure 3-4 shows the LHV fuel conversion efficiency. This is calculated as the ratio of Hydrogen
fuel energy (LHV) available at the inlet of the gas turbine to the total CH4 fuel energy at
input to the SMR (percent of input energy converted to useful fuel). The almost constant
conversion loss of 20% is due to the fact that the hydrogen generation process in the SMR
itself requires energy. As hydrogen is generated at an expense of fuel efficiency, it can also
be concluded that H2-fired SMR is lesser efficient than conventional SMR. The total input
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energy loss indicated by the total energy efficiency from the right figure 3-3, comprises of the
conversion loss and the stack losses at the HRSG exit. As the conversion loss is constant over
the part load range, the shape of the total energy efficiency curve depends on the variation
of stack losses in IGV and TIT operation.
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Chapter 4

CHP with Oxy-fuel combustion

4-1 Introduction

In chapter 2 we discussed post combustion capture plants as a retrofit solution for decar-
bonization of the air-based gas turbine industry for combined heat and power applications.
As discussed previously, for natural gas fuelled gas turbine installations, CO2 dilution by
nitrogen in flue gas presents a major barrier for energy efficient and cost effective removal of
CO2 from the gas turbine exhaust. As using air as an oxidizer is a source of nitrogen in flue
gas, we also proposed a solution wherein N2 in the flue gas can completely be eliminated by
using pure oxygen as an oxidizer in the gas turbine, so called, oxy-fuel firing. This chapter
investigates the potential of oxyfuel firing as a decarbonization technique in gas turbine CHP
systems.

4-1-1 Gas turbine working fluid selection

Methane burnt with pure oxygen achieves a peak temperature of over 3000K compared to
around 2100K achieved with air-fuel combustion where large amount of N2 acts as a diluent.
Thus, with N2 removed from the oxidizer stream, a new moderator is required to attain a
lower flue gas temperature considering the material limits (Turbine inlet temperature specified
for a given gas turbine design). One good option is to recirculate the inert gases generated
by the engine itself (O2 depleted flue gas). Recirculating the flue gas makes it possible to
easily retrieve carbon dioxide from the flue gas so that H2O can be condensed and CO2 can
be extracted without any external energy requirement. This condition motivates the study of
complete flue gas recirculation. There can be three options for the working fluid of the pure
oxygen-methane fired Brayton cycle.

1. Pure CO2 recirculated

2. CO2+H2O recirculated
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3. Pure H2O recirculated

With the above choices for the working fluid, the gas turbine cannot anymore be operated at
the design point for conventional air Brayton cycle. This means that the cycles have to be
designed for the new working fluid.
Apart from the conventional working fluids mentioned above, supercritical state of the CO2
working fluid is also studied in this chapter. The density of a fluid near and above its critical
point can reach very high values (even close to its liquid phase density). A supercritical
CO2 cycle is essentially a Brayton cycle that takes advantage of this property of the working
fluid at the beginning of compression to minimize the compression power requirement. Careful
observation would lead to the finding that utilizing high density fluid state for low compression
work input and low density state for high expansion output is a favorable characteristic of
the Rankine cycle. Thus, a supercritical Brayton cycle retains the advantages of a Rankine
cycle and a conventional Brayton cycle and overcomes the limitations of both.
In summary, we aim to analyse the effect of different working fluids and cycle configurations
on the gas turbine CHP performance.

4-2 Modelling Approach

The following novel cycle configurations were developed in this thesis and will be studied in
this chapter:

• Pure CO2 cycle without recuperation

• CO2-steam cycle without recuperation

• Split CO2-steam cycle with partial recuperation

• Supercritical CO2 (s-CO2) cycle with partial recuperation

• Pure CO2 -with bottoming s-CO2 cycle without recuperation

All the cycles are compared at the same TIT fixed based on material limits, and same overall
pressure ratio for comparison purposes. The following steps show the modelling procedure
adopted:

1. First we consider only a power cycle. For the cycle calculations in power mode, there
is no heat recovery process heat generation (no duct burner firing and the HRSGs act
as coolers for a fixed mass flow rate). The values at design for the thermodynamic
state parameters (for eg. p,T) are fixed to maximize the net electric efficiency. As ηe is
independent of the mass flow rate, any value of design mass flow rate can be selected
at this point. In the next step, we shall convert the power cycle to a CHP cycle.

2. For the mass flow rate selected in step 1, the duct burner firing required to meet the
constant process demand is calculated. This step is repeated for different mass flow
rates at design that leads to the calculation of CHP performance at different power
to heat ratios. Thus, the mass flow rate at design is fixed by the power to heat ratio
desired at design. For this study too, a constant process steam demand of 400 t/h at
90 bar and 326 °C is required from the CHP cycle.
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A calculation routine for a typical Oxyfuel cycle is discussed in Appendix B, section B-1. For
all the cycles described in this chapter, parametric analysis pertaining to only step 1 is shown.
Step 2 is similar for all the cycles and hence briefly discussed in Appendix B, section B-1.

4-2-1 Thermodynamic gas property models

For the supercritical CO2 cycle, REFPROP is used to compute fluid properties. For all other
cycle concepts, gas property functions are calculated from pure fluid gas functions of each of
the components, added together using mole fractions as weighting factors. The components
are treated as ideal gases and the program augments the ideal gas relations as necessary for
extreme cases like higher partial pressure of H2O in a gas mixture, etc. The property models
are tested for accuracy by [Thermoflow Inc].
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4-3 Pure-CO2 cycle without recuperation

4-3-1 Conceptual modelling

Figure 4-1 shows the process flow diagram for the CO2 cycle with pure O2-CH4 firing. If
the H2O in the flue gas mixture is condensed and the CO2 is recirculated back to the gas
turbine until a steady state is reached, a Brayton cycle with working fluid dominant in CO2
is obtained.

Figure 4-1: Process flow diagram of the CO2 cycle

4-3-2 Parametric analysis

Table 4-1 shows the fixed inputs to the model and a corresponding description about how
they are set.

Parameter Basis of setting Value Unit
Compressor Inlet pressure Ambient 1 bar

Compressor Inlet temperature By gas composition desired at
compressor inlet 20 °C

Turbine inlet temperature Material limits 1127 °C
Turbine inlet pressure Parametric analysis 40 bar
Turbine exhaust pressure Atmospheric 1 bar

Table 4-1: Model input parameters for CO2 cycle

At a fixed pressure, the amount of H2O condensed from the flue gas before compressor entry
depends on the temperature of the stream. This temperature must be kept as low as possible
to condense all the H2O and obtain pure CO2 cycle. At 20 C, nearly all water is condensed
such that the gas composition at compressor entry is 97.6% CO2 by mole.
A parametric analysis has also been performed where the effect of pressure ratio on gas turbine
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efficiency and power is compared with air case. Figure 4-2 shows the net cycle efficiency for
only power mode for the same TIT, compressor inlet temperature and pressure, and mass
flow conditions.

Figure 4-2: Image shows for CO2 and air the net cycle efficiency [left] and net power [right] with
increasing pressure ratio

Thus, for the same electric efficiency, the CO2 cycle requires a higher pressure ratio due to
the lower ratio of specific heats of CO2. A pressure ratio of 40 is selected as it gives maximum
efficiency for the air cycle and although for the CO2 cycle the efficiency increases, there is no
gain in power beyond a pressure ratio of 40. This pressure ratio and TIT is fixed for all the
cycles that are studied.
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4-4 CO2-steam cycle without recuperation

4-4-1 Conceptual modelling

The process flow diagram of CO2 + steam cycle is shown in figure 4-3 and is same as the
CO2 cycle with a different cooler exit temperature.

Figure 4-3: Process flow diagram of the CO2+ steam cycle

Unlike CO2 cycle, for the CO2 + steam configuration, H2O in the flue gas is not condensed
completely and the compressor inlet temperature is fixed by the steam to CO2 ratio desired
at the inlet. Thus, as compressor inlet temperature increases, the steam content in the inlet
mixture increases. This will have effects that form the motivation to study this configuration.

4-4-1-1 Motivation

1. When a pure CO2 working fluid cycle and a steam CO2 mixture working fluid cycle
are compared at the same temperature ratio and pressure ratio, the net specific work
obtained with CO2 steam mixture is higher than pure CO2 due to its different gas
properties (R and γ).

2. As the temperature at compressor inlet increases, the compressor work required for the
same pressure ratio increases. For the same TIT, the Carnot efficiency of the cycle
decreases.

3. Also, the specific heat at constant pressure of the gas mixture increases as we move
towards higher steam content. For the same mass flow rate and ∆T in the combustion
chamber, more fuel is required for CO2+Steam cycle.

These conflicting arguments lead to the conclusion that a cycle model is required to test the
dominance of the above effects on cycle performance in comparison to pure CO2.
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4-4-2 Parametric analysis

The table 4-2 shows the input parameters for the CO2 + steam cycle model after design
optimizations. A parametric analysis of net electric efficiency with pressure ratio and mole

Parameter Basis of setting Value Unit
Compressor inlet temperature By mole fraction of steam at inlet 50 °C
Mole fraction of steam at inlet By parametric analysis 12.58 %
Turbine inlet temperature Material limits 1127 °C

Turbine inlet pressure Same as CO2 for common
comparison basis 40 bar

Turbine exhaust pressure Atmospheric 1 bar

Table 4-2: Model input parameters for CO2+ Steam cycle

percent steam in the inlet mixture is performed. Note that the chosen value of steam content
will directly affect the compressor inlet temperature. As shown in the performance map

Figure 4-4: Efficiency map of CO2+Steam cycle for different inlet steam content (in %) and
pressure ratio. Curve with 2.3% steam represents the CO2 cycle

in figure 4-4 at pressure ratios lower than 30, there is no significant difference in the net
cycle efficiency compared to the CO2 cycle (The curve with 2.3% steam represents the CO2
cycle). However above pressure ratio of 30, the net electric efficiency drops as the steam
content increases for a specific pressure ratio possibly because the effect of increase in inlet
temperature and Cp dominates over the effect of higher specific work due to steam addition
at higher pressure ratios. A steam content of 12.5% at inlet is selected for this study.
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4-5 Split CO2-Steam cycle with partial recuperation

4-5-1 Conceptual modelling

In this thesis, an attempt was made to improve the net cycle efficiency of the CO2-Steam
cycle. Figures 4-5 and 4-6 shows three proposed modifications to the CO2 steam cycle at
the turbine exhaust to improve cycle efficiency. In the no split configuration, the energy

Figure 4-5: Left image: No split configuration. Right image: Split after HRSG configuration

Figure 4-6: Split before HRSG with partial recuperation configuration

from the gas turbine exhaust is recovered to generate process heat before the gas stream is
expanded in a turbine and later cooled and condensed. The water condensed out is pumped
to the combustion chamber, the amount of steam+ CO2 mixture formed during combustion is
removed from the cycle and the remaining mixture is compressed to the combustion chamber
pressure. In CO2-Steam split before HRSG configuration, the high enthalpy HPT exhaust
stream is split before one stream enters the HRSG and the other is expanded until 0.08 bar.
High grade heat energy still available at this turbine exhaust is recovered by heating the water
going to the combustion chamber. The power cycle efficiencies of the three configurations are
compared to the CO2-steam cycle without recuperation in table 4-3. These efficiencies are
computed at the same pressure ratio of the main (high pressure) turbine, same TIT and same
mass flow. The best performing CO2 -Steam split before HRSG configuration is selected for
further analysis. The process flow diagram of the split CO2- Steam cycle is shown in figure.
4-7.
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Cycle concept Power cycle efficiency (%)
CO2-Steam 30.87
CO2-Steam No split 28.69
CO2-Steam Split before HRSG
with partial recuperation 39.62

CO2-Steam Split after HRSG 32.2

Table 4-3: Power cycle efficiency comparison of different concepts

Figure 4-7: Process flow diagram of the CO2+ Steam Split with partial recuperation cycle

In this concept, the gas expanded from 40 bar until 1 bar consisting of CO2+steam is split
into two streams. One stream is cooled to the compressor C1 inlet temperature and later
compressed until 40 bar. The other stream is expanded further until 0.08 bar, cooled further
to ambient conditions so that water and CO2- steam mixture can be separated. The mass flow
of the separated CO2 steam mixture is exactly same as that generated during combustion.
The separated water (from CL2) is pumped before it enters the combustion chamber. The
concept of this cycle is partly similar to the S-GRAZ cycle by [Sanz et al.]. The gas entering
the compressor C1 is cooled in an HRSG which generates the process demand for the CHP
cycle, followed by cooler CL1. The cooler CL1 exit temperature decides the amount of water
going through the pump P1. As for all cycles, the emitted CO2 stream is available from 1
bar, the compression work of the exhausted CO2-steam stream from 0.08 to 1 bar is also
considered in this analysis.

4-5-1-1 Motivation

• The net power efficiency of the CO2+ steam cycle is augmented by the addition of the
low pressure expansion loop for a part of the working fluid as shown in figure 4-7.

• Part of the cycle working fluid is also pumped which appreciably reduces the pressurizing
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power requirement leading to an increased efficiency.

• However, water is directly mixed with the high temperature compressed gas reducing
the enthalpy at combustion chamber inlet. The specific heat at constant pressure of
water is also high, along with the fact that latent heat will have to be supplied in the
combustion chamber. Both these effects can lead to very high fuel consumption for the
cycle leading to reduced efficiency.

Thus, due to contradicting effects observed also in this configuration, it is modelled and
performance is analysed.

4-5-2 Parametric analysis

Table 4-4 shows the input parameters required for this cycle model.

Parameter Basis of setting Value Unit
Compressor inlet temperature/
Condensing temperature By parametric analysis 100 C

% Water at inlet to the mixer M1 By parametric analysis 40 %
Turbine inlet temperature Material limits 1127 C

T1 Turbine pressure ratio Same as CO2 cycle for common
comparison basis 40 -

LPT Turbine exhaust pressure Lowest possible 0.08 bar

Table 4-4: Model input parameters for Split CO2+Steam with recuperation cycle

The effect of varying the design compressor inlet temperature and the mixing ratio are eval-
uated on the net cycle efficiency. Mixing ratio is the ratio of the amount of water from the
Recuperator (solid blue line in figure 4-7 to the amount of CO2+ Steam mixture (solid black
line emerging from compressor C1) at the inlet of mixer M1. Note that even though there
is no unique cycle pressure ratio for this cycle, we will consider the overall pressure ratio of
the cycle as 40 which corresponds to the pressure ratio of the turbine T1 and compressor C1,
as any gain in power from other components apart from these (power produced by the LPT
expansion loop), will be considered as additional power due to the new working fluid concept
of the cycle.

Figure 4-8 shows that there is an optimum compressor inlet temperature/ CL1 exit tempera-
ture for all the mixing ratios. This temperature determines the liquid water content through
pump P1 (shown in dotted blue lines). The optimum temperature occurs as temperature in-
creases from 50 °C, the water condensed and pumped from cooler CL1 decreases, so lesser and
lesser energy is required in the combustion chamber for evaporation of water. This happens
until a temperature where no water is condensed and further increase in temperature leads to
higher compression energy eventually lowering the efficiency as the temperature is increased.

It can also be seen from the same graph that as the mixing ratio increases, the efficiency
increases. This is due to the fact that although the fuel required for evaporation increases with
increased water content, the effect of increase in net power output due to lower compressor
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work required and larger portion of working fluid expanded until 0.08 bar dominates. A
mixing ratio of 0.4 (40%) is selected as at higher mixing ratios, the electric efficiency is high
such that very low energy is available for the process heat generation and unacceptable duct
burner temperatures would be required.

Figure 4-8: Plot for compressor inlet temperature vs Net power cycle efficiency at different
mixing ratios (represented here as % water at inlet to the mixer M1)
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4-6 Supercritical CO2 cycle with partial recuperation

4-6-1 Conceptual modelling

This cycle design is similar to the Allam cycle [Allam et al. (2014)]. The process flow diagram
of the supercritical CO2 cycle for this analysis is shown in figure 4-9.

Figure 4-9: Process flow diagram of the supercritical CO2 cycle

4-6-1-1 Partial recuperation

The supercritical CO2 power cycle is highly recuperated which gives the cycle its high effi-
ciency. However for CHP, very large recuperation cannot be utilized as the aim is to recover
high grade heat for industrial processes for which large enthalpy at the exhaust is required.
With complete recuperation, very high duct burner firing is required for process generation.
The limit is that the process heat demand has to be supplied completely by additional firing
leading to decoupling between power and process cycles and tending to separate generation
(no waste heat utilization). In partial recuperation, the recuperator and the HRSG are placed
in series after the gas turbine. Due to the high enthalpy of gas available at exhaust, the tem-
perature of gas at recuperator exit can be set to satisfy the process demand. Thus, unlike
other cycles where the duct burner firing is controlled to meet process demand at different de-
sign mass flow rates, in this cycle, the recuperator exit temperature is the control parameter.
At higher power to heat ratios, higher mass flows through the cycle. Thus, lower temperature
at HRSG inlet is required. Therefore higher heat is available for recuperation and the cycle
efficiency increases at higher power to heat ratios.

4-6-2 Parametric analysis

Table 4-5 refers to the input parameters for the supercritical CO2 cycle concept. As in
literature, the cycle parameters are optimized for a fully recuperated cycle, the inputs in this

R.R. Kapoor Master of Science Thesis



4-6 Supercritical CO2 cycle with partial recuperation 45

thesis for partially recuperated cycle are set by parametric analysis. Figure 4-10 shows the
effect of the C1 compressor inlet temperature on the net power cycle efficiency.

Parameter Basis of setting Value Unit
Sub-critical compressor (C1)
inlet temperature By parametric analysis 20 C

Super-critical compressor (C2)
inlet temperature

Minimum possible to reduce
compression power 20 °C

Turbine inlet temperature Material limits 1127 °C
Turbine inlet pressure By parametric analysis 400 bar
Turbine exhaust pressure By parametric analysis 20 bar

Table 4-5: Model input parameters for supercritical CO2 cycle

Figure 4-10: Net power cycle efficiency with cooler outlet/ C1 compressor inlet temperature

The main deduction from figure 4-10 is that the s-CO2 cycle efficiency is insensitive to the
temperature at the inlet of the subcritical compressor (C1) in the range 20 to 60°C. The
very low efficiency of 23% arises as only 9% of energy available at turbine exhaust is being
recuperated.
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4-7 Pure CO2 -bottoming s-CO2 cycle without recuperation

4-7-1 Conceptual modelling

In this cycle, the electric efficiency of the CO2 cycle is improved by bottoming the cycle with
a completely closed supercritical CO2 cycle. The process flow diagram for the cycle is shown
in figure 4-11. The bottoming closed cycle is initially charged with CO2, and flows at a design
mass flow rate that is determined by the topping cycle design mass flow rate to maximize the
heat exchanger effectiveness.

Figure 4-11: Process flow diagram of pure CO2- bottoming s-CO2 cycle

4-7-2 Parametric analysis

The main cycle design parameters are given in table 4-6. The exhaust pressure of bottom
cycle turbine is set at 80 bar for the following reasons:
1. Gain in efficiency due to high density of CO2 at compressor inlet is only obtained at a
compressor inlet pressure of 80 bar (near critical pressure).
2. Expanding until lower pressures would lead to very low enthalpy available at turbine
exhaust, thus leading to impractical duct burner temperatures required to meet the CHP
demand.
The compressor inlet temperature of 40°C was set based on optimization for maximum electric
efficiency.
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Parameter Basis of setting Value Unit
CO2 compressor inlet temperture By parametric analysis 40 °C
CO2 Turbine inlet temperature Material limits 1127 °C
CO2 Turbine pressure ratio By parametric analysis 40 –

s-CO2 compressor inlet temperature Minimum possible to reduce
compression work 20 °C

s-CO2 Turbine inlet pressure From literature 300 bar
s-CO2 Turbine exhaust pressure From literature 80 bar

Table 4-6: Model input parameters for pure CO2- bottoming sCO2 cycle
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4-8 Results and interpretation

4-8-1 Power-mode performance

Figure 4-12 shows the net power cycle efficiency for power cycles optimised for CHP (cycles
obtained in step 1 of the modelling approach in section 4-2) with pressure ratio. The dotted
line representing 40 bar represents the design point for all power cycles. In left figure 4-
12, it can be observed that the net power efficiency improves for the CO2 cycle and CO2
steam cycle by adding the s-CO2 bottom cycle and the split configuration respectively. The
low efficiencies in power mode for all the cycles is a consequence of not utilizing part of the
high grade heat at turbine exhaust for power generation purpose, but instead reserving it
for process generation. Maximum heat could be utilized to boost electric efficiency by, for
example employing recuperation or adding a bottoming steam cycle. Table 4-7 shows the
difference in electric efficiencies for not employing the rejected heat for power generation in
the cycle concepts at design overall pressure ratio and same TIT. For the detailed process
flow diagrams of the modifications given in table 4-7, the reader is referred to the Appendix
B.

Base cycle
in power mode

Modifications used to utilize
maximum waste heat for power

Optimised
for power (ηel)

Optimised
for CHP (ηel)

Air cycle
without capture Bottoming steam Rankine cycle 59 45

CO2 Bottoming steam Rankine cycle 46 30.4
CO2-Steam Bottoming steam Rankine cycle 45.6 29.7

Split CO2-Steam
Complete recuperation by further heating
the water entering the combustion chamber 44.5 39.62

supercritical CO2 Complete recuperation 48 23.65

CO2-bottom s-CO2
Recuperating bottoming cycle turbine exhaust
heat for further power generation (Refer PFD B-6) 47.4 40.37

Table 4-7: Comparison of electric efficiencies for a) Cycles optimised for power and b) Cycles
optimised for CHP

Right figure 4-12 shows the same table 4-7 in a bar graph format. The main conclusion from
right figure 4-12 is that the maximum cycle efficiency when the cycles are optimised for power
and CHP occurs for Air Combined cycle without carbon capture (59% and 45% respectively).
With Oxy-fuel combustion and carbon capture, the maximum electric efficiency is lower owing
to the energy requirement of the ASU. As can be seen from table 4-7, the penalty for employing
s-CO2 cycle for CHP is very high.

4-8-2 CHP-mode performance

CHP performance is computed for cycles after also completing step 2 given in the modelling
approach in section 4-2. Figure 4-13 represents the CHP electric efficiency and CHP Total
Energy Efficiency (TEE) with Power to Heat ratio (P2H) at design. The CHP electric perfor-
mance at a given P2H (left of figure 4-13) varies from the power mode electric performance
(figure 4-12) due to the different additional input energy required by the duct burner for
different cycles at different power to heat ratios.
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Figure 4-12: Left: Comparison of net cycle efficiency for different cycle concepts optimised for
CHP with pressure ratio. The design line of 40 bar pressure at turbine inlet common for all is
shown in dotted red. Right: Comparison of electric efficiencies of cycles optimised for CHP to
that optimised for power.

Figure 4-13: Image shows CHP electric efficiency [left] and CHP Total Energy Efficiency [right]
with increasing design point power to heat ratio

The design power to heat ratio (P2H) is chosen as a typical number of 0.78 based on the
design P2H of the post combustion and pre-combustion capture cycles. At this P2H, the
top three performing cycles (from figure 4-13) are Air cycle without capture, CO2 cycle with
bottoming sCO2 cycle and pure CO2 cycle, respectively. The poor performance of the Split
CO2-Steam cycle in CHP mode is due to a very high duct burner firing required as a result of
part of the gas turbine exhaust heat being utilized for power generation. Although the CHP
performance of CO2 cycle with bottoming sCO2 cycle is better compared to all cycles with
carbon capture, it will not be considered for further analysis due to the complexities involved
with closed CO2 cycle at supercritical states, and lack of author’s knowledge on the feasibility
of such a cycle.
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This analysis suggests a superior performance of the air cycle without carbon capture com-
pared to the CO2 cycle with carbon capture. It is also evident from the previous chapters
that post combustion and pre-combustion carbon capture techniques for air cycles are energy
intensive. So, it is also important to compare the Oxy-fuel CO2 cycle to them at a fixed
design point Power to heat ratio, so as to have a common basis of comparison.

4-8-3 Discussion on the general trend of CHP performance

As it is evident from the general trend for the working range of power to heat ratio in figure
4-13 that the CHP TEE decreases and CHP electric efficiency increases for increasing power
to heat ratio for all the cycle concepts. As power to heat ratio tends to higher values, the
CHP cycle tends to a power cycle. As power to heat ratio tends to very low values, the CHP
cycle tends to a boiler. If the data obtained in left figure 4-13 is extrapolated to high power to
heat ratios, after a point, the CHP electric efficiencies will not change with increasing power
to heat ratio such that the cycle efficiency values will be same as figure 4-12. This is evident
from figure 4-13, as the CO2 cycle and CO2+ Steam cycle electric efficiencies are flat after a
P2H of 0.5. This happens as after a certain high mass flow rate (and thus, also a high power
to heat ratio), no duct burner firing is required to satisfy the process demand. At that point,
the gas turbine exhaust heat is just enough to supply the process heat completely. Therefore,
beyond that point (at a further higher mass flow rate or P2H), the TEE reduces due to higher
stack losses. This phenomena governs the shape of the curves in figure 4-13. Maximizing the
CHP electric efficiency gives utmost value to power and pushes the system to operate at high
power to heat ratios (power cycle regime) without considering the energy utilization from
the cycle which is also important for a CHP. Maximizing Total Energy Efficiency does not
consider that power is a more valuable contribution to the energy utilization and focuses only
on increasing the energy utilization by dragging the system to operate in the boiler regime.

Thus, like the power cycle has net thermal efficiency, there is no single thermodynamic criteria
for optimization of CHP cycles.

The design space for working range of power to heat ratios is different for different applications.
For a high grade heat recovery application like this case, the general design space is at a lower
power to heat ratio (0.78 in this case). For a low grade heat recovery application like district
heating, the design space is at higher power to heat ratios.

4-8-3-1 Comparative analysis

If figure 4-13 is referred to carefully, at a design power to heat ratio of 0.78, the waste heat
from the pure CO2 cycle is not recovered completely. This can be witnessed by the constant
electric efficiency and reducing CHP efficiency after a P2H of 0.5. Thus, the pure CO2 cycle
has a potential for a higher electric efficiency with added heat recovery at this design P2H of
0.78 either by recuperation or by generating extra steam and expanding in a steam turbine,
thus producing additional power from the extra waste heat. By implementing the latter
option, the electric efficiency of the cycle increases to 33.7%. This modified pure CO2 cycle
will be considered for further analysis. The next chapter deals with the comparison of the
post combustion capture, pre combustion capture and Oxy-fuel cycles extensively.
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4-9 Summary

1. The top performing cycles (with respect to CHP electric efficiency and total efficiency)
are Air cycle without capture, CO2 cycle with bottoming sCO2 cycle and pure CO2
cycle, respectively. The next chapter compares air cycle with carbon capture and pure
CO2 cycle with carbon capture. CO2 cycle with bottoming sCO2 cycle is not studied
further as the cycle is highly complex for the scope of the thesis.

2. At a typical power to heat ratio of 0.78, the CO2 cycle performance is further improved
by heat recovery for power generation.

3. There is no unique thermodynamic parameter that can be maximized to get the op-
timum CHP cycle unlike power cycles which has net thermal efficiency as a universal
parameter. This is mainly because the outputs of a CHP cycle are non homogeneous
(power and heat).
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Chapter 5

Comparative analysis of selected cycles

In the previous chapter, the Oxy-fuel CHP cycle with CO2 was identified as a potential zero-
carbon CHP technology. However, in comparison to an air-cycle without capture, it offered
a lower thermodynamic performance. It then becomes important to compare the Oxy-fuel
CHP cycle with air-cycle including capture, as we have already seen in chapters 2 and 3 that
introducing carbon capture reduces the thermodynamic performance of the air CHP cycle. In
this chapter, a simplistic techno-economic comparison of the air cycle with different capture
techniques and the Oxyfuel-CHP cycle with CO2 working fluid is performed.

5-1 Methodology for economic analysis

In this study, the Levelized cost of electricity (LCOE) and the cost of CO2 avoided are used
as economic performance parameters. Figure 5-1 shows the common system boundary for all
the cycles considered in this analysis:

Figure 5-1: Image shows the common system boundaries considered for all the selected cycles

The LCOE is a fundamental calculation used in the preliminary assessment of an energy-
producing project. It is a measure of the average net present cost of electricity generation for
a generating plant over its lifetime and is calculated as the ratio between all the discounted
costs over the lifetime of an electricity generating plant divided by a discounted sum of the
actual energy amounts delivered.
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LCOE = NPV of Total Costs Over Lifetime
NPV of Electrical energy produced over lifetime (5-1)

Description of costs:
In this analysis the following costs incurred for electricity generation are taken into account:

1. Capital costs taken from table 5-2

2. Fixed and variable (fuel) operating costs taken from table 5-3

3. Additional cost of natural gas required in a cycle compared to a boiler without capture
generating same amount of process heat. This gives the additional fuel required to
generate power from the cycle. The cost of natural gas is taken as 35 EUR/MWh from
[Naturalgas-price]

4. Additional cost of CO2 captured from the cycle compared to a reference boiler without
capture generating same amount of process heat. The CO2 capture cost includes the cost
of CO2 compression, CO2 transport and CO2 storage. This accounts to 46 EUR/tonne
CO2 taken from [Sam Lamboo and Lensink (2021)].

5. Additional cost of CO2 emitted from the cycle compared to a reference boiler without
capture generating same amount of process heat. This cost is a negative cost as the
CO2 emitted from a cycle with capture unit is always lower than that from a natural
gas boiler without capture. The present value of the carbon cost is 54 EUR/tonCO2
taken from [Carbon-price].

Thus the LCOE can be calculated as:

LCOE =
I + ∑n

t=1
Ft+(O&M)t+Cem

t +Ccap
t

(1+r)t

Et
(1+r)t

(5-2)

where,

It = Total Capital costs in M€
Ft = Additional Fuel costs (Variable operation costs) in M€ in year t
(O&M)t = Fixed Operation and maintenance costs in M€ in year t
Cem

t = Additional Cost of CO2 emitted M€ in year t
Ccap

t = Additional Cost of CO2 captured M€ in year t
Et = Electrical output in MWh in year t
r = Discount rate

Note that all the costs except Capital costs are calculated in relation to a natural gas boiler
with the same process generation. This is because, the goal of this study is to compare CHP
cycles that have heat as a primary product and additional power as a secondary product.
Therefore, the levelized cost of electricity, in this study represents the cost of additional elec-
tricity generated from the CHP plants (Marginal cost of electricity).The LCOE is calculated
at a discount rate of 7% and the lifetime of the plants are assumed to be 15 years.

R.R. Kapoor Master of Science Thesis



5-2 Results 55

Figure 5-2: Image shows the difference between CO2 captured and CO2 avoided

Next, the cost of CO2 avoided is calculated. Cost of CO2 avoided is defined as the additional
cost of electricity (LCOE) incurred due to the deployment of CCS per unit tonne of CO2
avoided. The concept of CO2 avoided can be understood from left figure 5-2.

CO2 avoided cost = LCOECCS − LCOERef
CO2emitted

Ref − CO2emitted
CCS

(5-3)

where, subscript Ref refers to a reference CHP without capture and CCS refers to a case of
CHP with CCS.

For calculating the LCOE, Capital expenditure and operating expenditure of the CHP plants
based on the selected cycles are estimated with a very simplistic approach. A general proce-
dure for estimating the costs is followed as explained:

1. First, a cost estimate of the base case CHP plant is made using data from the literature
as discussed in table 5-1.

2. Then, the cost of additional elements of the selected cycles are added to the cost es-
timated in step 1. The costs of these additional elements are also calculated from the
data available in literature.

Having discussed a broad explanation of how economic analysis is performed in the study,
in the next section, first, the thermodynamic analysis is discussed, followed by an economic
analysis, followed by a flexibility analysis.

5-2 Results

5-2-1 Thermodynamic analysis

In this section, the CHP electric efficiency and the CHP total efficiency for selected cycles
namely: the post combustion capture, post combustion capture with EGR, Pre-combustion
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capture and Oxyfuel CO2 cycles are compared at Design point. Figure 5-3 shows the results.
Figure 5-4 shows the CO2 emissions from the selected cycles. Results show a slightly superior

Figure 5-3: Left: Image shows CHP electric efficiency and Right: Image shows CHP total
efficiency for different CHP cycles with carbon capture

Figure 5-4: Image shows CO2 emissions from the respective cycles

thermodynamic performance of the Oxy-fuel CO2 cycle compared to others. Another observa-
tion is that, for an air-CHP cycle without capture, the CHP electric and CHP total efficiency
at design P2H of 0.78 is 35% and 79% respectively. However, with capture and exhaust gas
recirculation, the maximum electric efficiency and CHP total efficiency attainable is 33.7%
and 69% without considering CO2 compression. This represents a drop of 1.3% points and
10% points respectively due to capture.

5-2-2 Economic analysis

5-2-2-1 CAPEX estimation

In Rezvani et al. (2009), a CAPEX estimate of an NGCC power plant of 380 MW net power
output is made. In this thesis, the cost estimate of base case CHP is simplified by subtracting
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the CAPEX as well as the output of a steam turbine, and CAPEX of a condenser from the
CAPEX of the NGCC. Then, table 5-1 is obtained corresponding to a base-case CHP.

Net power output MW 243
WH-Boiler M€ 23
HX+ Cooling M€ 11
Pumps M€ 1
Piping M€ 1
GT M€ 86
Duct Burner M€ 2
Misc M€ 0
Indirect M€ 28
Total M€ 152
Specific Investment €/kW 627.4

Table 5-1: CAPEX estimate for base case CHP taken from Hu and Ahn (2017) and IEAGHG
(2015)

Table 5-2 refers to the additional expenditures incurred by adding additional components
to the standard base case CHP components to represent the selected cycles. Exhaust gas
recirculation reduces the CAPEX by upto 9% due to smaller CO2 capture unit required for
reduced gas flow rates. Figure 5-5 shows a bar graph of the CAPEX for the different cycles.
Oxy-fuel cycle with CO2 is the most economic option while Pre-combustion capture with
hydrogen generation on site is expensive.

Figure 5-5: CAPEX of values of the selected cycles

5-2-2-2 OPEX estimation

The operating expenditure of the selected cycles is computed by adding the variable fuel costs
to the fixed operating and maintenance costs. The fixed Operating costs are obtained from
literature and the variable fuel costs are determined from the cycle analyses (mass and energy
balance) performed in this thesis. Table 5-3 gives the values of the fixed and variable costs
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Cycle Added/Modified
elements References Comments CAPEX

computation

Post combustion
CO2 capture

Steam turbine,
CO2 Chemical
absorbption unit,
CO2 compressor

Hu and Ahn (2017),
Almansoori et al. (2021)

Data shows an average increase
of 180 M€ to the base CHP by
addition of the capture and
compressor unit. Additional
43 M€ is added for the steam
turbine

152+180+43
= 375 M€

Post combustion
CO2 capture+
EGR (40%)

Steam turbine, CO2
Chemical absorbption
unit, CO2 compressor,
EGR system

Hu and Ahn (2017)

Data estimates a CAPEX reduction
of 9% with EGR of 40% with
respect to Post combustion capture
for a plant output of 577 MW.
The same percent reduction is
used in this work.

375*0.91
= 341 M€

Precombustion
capture with
SMR and
Heat integration

SMR, WGS,
CO2 capture unit,
CO2 compressor,
Heat exchangers

Jakobsen and Åtland (2016),
IEAGHG (2017)

CAPEX data is available for 20 t/h
and 8.9 t/h of H2 output. The
former was chosen for this study

152+625
= 777 M€

CO2 Oxy-fuel cycle
Gas Turbine, ASU,
Flue gas condenser,
CO2 compressor

IEAGHG (2015),
Rezvani et al. (2009)

Data from two sources show an
increase in the CAPEX by 64%
and 87.5% compared to NGCC
for an Oxy-fuel CO2-based
combined cycle for GT output
of 243 MW and 500 MW
respectively. The latter value
is used in this study to be on a
safer side.

152 *1.875
= 285 M€

Table 5-2: CAPEX estimation for the selected cycles

for the selected cycles. As fuel costs dominate the variable operating costs, no other variable
costs are considered. The natural gas price of 35€/MWh is used from [Naturalgas-price]. The
histogram in figure 5-6 shows that the lowest OPEX is for Oxy-fuel cycle with CO2 again.
This is due to the fact that it has a higher energy efficiency and thus requires lesser fuel for
the same power.

Cycle Fixed Operating
cost Reference Variable operating

(Fuel) costs
Total OPEX
(M€/year)

Base case CHP 16 IEAGHG (2015) 181 197
Post combustion capture 16+21.5 = 37.5 Almansoori et al. (2021) 238 275
Post combustion capture
+ EGR (40%) 16+21.5 =37.5 Hu and Ahn (2017) 228 266

Pre combustion capture 16+47 = 63 Jakobsen and Åtland (2016) 232 294
Oxyfuel CO2 cycle 32.5 IEAGHG (2015) 239 271

Table 5-3: Table gives the fixed operating and maintenance costs obtained from literature and
the variable operating costs (only fuel) obtained from cycle energy balance

R.R. Kapoor Master of Science Thesis



5-2 Results 59

Figure 5-6: Image showing break up of total Operating costs for the selected cycles

5-2-2-3 LCOE computation

The left figure 5-7 shows the LCOE for the selected cycles with the minimum cost for Oxy-fuel
CHP with CO2, primarily because of its higher electric and CHP efficiency at the given Power
to heat ratio. Also, a sensitivity analysis for the cost of CO2 emitted has been performed.
It is varied from the current price of 54 EUR/tonCO2 to 200 EUR/ton and its effect on the
LCOE is studied. As shown in right figure 5-7, the marginal cost of electricity decreases with
increasing cost of CO2 emitted. This is a result of negative CO2 emissions from the selected
CHP plants when compared to a natural gas boiler delivering the same process heat. So,
increasing the cost of CO2 emissions imposes higher costs on a boiler without capture and
relatively gives more and more benefit to a CHP equipped with CCS.

Figure 5-7: Left: Image shows LCOE for the selected cycles. Right: Image shows the sensitivity
of CO2 emitted cost on the LCOE for the selected cycles

Next, the LCOE is used to calculate the cost of CO2 avoided. Right figure 5-8 shows the cost
of CO2 avoided for different options, with again, Oxy-fuel CHP cycle with CO2 leading.
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Figure 5-8: Image shows the calculated cost of CO2 avoided

5-2-3 Flexibility analysis

The CHP plant studied in this thesis will have to produce power even at times when the power
generation costs are higher than the revenues due to the constant heat demand that has to be
supplied by the CHP. For such times, it is beneficial to operate the plant at minimum load,
given that it’s performance does not deteriorate at part loads. Thus, it becomes important to
study the part load performance (flexibility) of the CHP. In this study, the quantification of
flexibility is made by analysing two simple performance indicators at Off-Design: CHP Total
energy efficiency and CO2 slope at part load.

The CO2 slope is the slope of the graph of CO2 emissions vs power at off design. For example,
at full load, this value corresponds to:

CO2 slope = CO2
100%Load − CO2

90%Load

Power100%Load − Power90%Load (5-4)

Figure 5-9: Left: Image shows CHP Total Energy Efficiency with Power at Off-Design. Right:
Image shows CO2 slope with Power at Off-Design
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For the Off-Design calculations, standard IGV+TIT control combination is used for all cases
except Post combustion capture with EGR. The CHP efficiency is an indirect indicator of
the impact of flexible power production on natural gas consumption. It can be seen from left
figure 5-9 that although the magnitude of efficiency is always higher for Oxy-fuel cycle at part
loads, the post combustion capture with EGR has a flatter characteristic indicating that it
maintains relatively constant performance at varying loads.

Right figure 5-9 shows the impact of power reduction from design on reduction in CO2 emis-
sions. For EGR operation, the highest slope occurs near design point where the part load
control technique is EGR. This shows that in the EGR off-design mode, reduction in power
leads to steep reduction in CO2 emissions, and thus, is beneficial. Also, for pre-combustion
capture and the reference case, steeper CO2 reduction is obtained in IGV control mode.

5-3 Summary

1. A thermodynamic, economic and flexibility analysis was performed for four selected
cycles, namely: Post combustion capture, Post combustion capture with EGR, Pre
combustion capture and Oxyfuel CHP cycle with CO2 working fluid.

2. As stated in chapter 4, CHP cycle without capture has a superior thermodynamic
performance compared to Oxyfuel CHP cycle with CO2, however, the latter has a
higher thermodynamic performance after the introduction of CCS in the air cycle.

3. The study shows that Oxyfuel CHP cycle with CO2 is indeed a more suitable option
for future carbon-free CHP both in technical and economic sense.
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Chapter 6

Retrofit analysis of an air compressor
for CO2 operation

In chapter 5, it is concluded that Oxyfuel CHP with CO2 working fluid is promising concept
for zero carbon CHP. However, a major drawback with Oxyfuel cycles is that new compo-
nent designs would be required for turbomachinery, combustion and heat exchanger systems.
Industries that aim to go carbon neutral in a few years without stranded assets are instead
interested in "converting" existing CHP systems to zero carbon systems rather than building
a new project from scratch. Thus the goal of this chapter is to get a first order estimate
of whether an air designed gas turbine can be operated in complete CO2 mode in a stable
manner. If it cannot, what modifications could be proposed such that it operates close to the
design point with CO2 working fluid.

6-1 Introduction

For retrofitting an original installation, the major change for the installation would be the
change of working fluid (CO2) as compared to air for which the components are designed.
The main components of a CHP are the compressor, combustion chamber, turbine and heat
recovery steam generator. For oxy-fuel combustion, the combustion chamber must necessarily
be redesigned. Considering turbomachinery, the operational limits for a turbine are decided
mainly by the material. Thus, the turbine operates satisfactorily over a wide range of oper-
ating conditions. However, for a compressor, the operational limits are decided by the onset
of instabilities in compressor operation, namely surge and stall. Thus a changing the working
fluid is more critical for a compressor than a turbine. Moreover the turbine is subjected to
very high temperatures which necessitates more frequent replacements of turbine parts in
comparison to the compressor. On the other hand, compressor has a greater functional life
left before it is replaced or discarded. This motivates the reason for first estimating compres-
sor performance for a retrofit analysis in this thesis.
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6-1-1 Structure

The switch to CO2 working fluid is considered as an off-design operation because the design of
the compressor is unaltered, instead, this work investigates if an existing designed compressor
is suitable for CO2 working fluid, where suitable means that the compressor can operate with
CO2 without the risk of instabilities. A GE 9E gas turbine model will be evaluated for this
retrofit.

1. In section 6-2, A methodology is proposed to obtain the operating point for extreme off-
design conditions like change in working fluid to CO2 with standard maps that implicitly
assume air as the default working fluid.

2. Then the theory behind compressor operation at this off-design operation is discussed
in section 6-3.

3. In section 6-4, the results at Off-Design operation are presented and interpreted. We
shall finally conclude if it is possible to operate the compressor at this off-design condi-
tion.

4. In section 6-5, the modifications required in gas turbine operation to force the compres-
sor operation at the design point are proposed followed by a discussion on the effect of
those modifications on the CHP cycle. The final conclusions are presented in section
6-6.

6-1-2 Introduction to Non-dimensional compressor characteristics

The compressor performance, depends on certain parameters based on physical laws. When
this physical relation is non dimensionalised, it forms certain non dimensional groups that
independently govern the compressor performance. For a compressor, the performance is
defined by the pressure ratio delivered, its isentropic efficiency or the temperature ratio across
the compressor. The relevant non dimensional groups that govern the performance are flow
Mach number, rotational Mach number, Reynolds number and ratio of specific heats:

P02
P01

, ηisen = f
(

ND√
γRT

,
m
√

RT
D2p√γ ,Re

)
(6-1)

Where P02
P01

is the overall pressure ratio, m is the mass flow, N is the rotational speed, p and
T are inlet pressure and temperature respectively, D is the characteristic diameter, Re is the
Reynolds number and ηisen is the isentropic efficiency. When the relation in 6-1 is plotted in
two dimensions with non dimensional mass flow (flow Mach number) on x axis, pressure ratio
on y axis, non dimensional speed (rotational Mach number) as a parameter and isentropic
efficiency as islands, it makes a compressor map. Each point in the map implicitly defines
completely the velocity triangles for all blade and vane rows in terms of Mach numbers. This
means that the compressor performance does not depend individually on the parameters but
on the non-dimensional groups they form. However, the definition of the non dimensional
groups changes according to the use. For example, for a fixed design of a compressor operating

R.R. Kapoor Master of Science Thesis



6-2 Proposed Methodology 65

on air, often D is considered constant and omitted from the non dimensional groups making
them semi dimensional.

NND = N√
γRT

mND = m
√

RT
p√γ (6-2)

Where mND and NND are semi dimensional mass flow rate and semi dimensional speed
respectively. Figure 6-1 shows a typical compressor map.

6-1-3 Assumptions made in this analysis

1. Effects of change in Reynolds number by switching to CO2 are ignored.
Reynolds number is one of the non dimensional parameters on which the compressor
performance depends. The Reynolds number in conventional air compressor operation
is high to the extent that any change in Reynolds number with change in operating
conditions does not have significant impact on the performance. The performance is
only affected below a certain limiting Reynolds number (2.2 × 105) [Horlock (1958)].
Over the operating range of the compressor, the kinematic viscosity for CO2 is lower
than air. Thus if the changes in velocity profile through the compressor are not very
significant, the Re for CO2 operation will always be higher than air operation and we
can assume that any change in Reynolds number does not influence the performance.

2. The compressor characteristics do not change for CO2 operation.
In this thesis, it is assumed that the compressor characteristics do not change with
a change in working fluid. Thus, the compressor map is fixed for a certain designed
compressor for this analysis.

6-2 Proposed Methodology

Generally, gas turbine component maps are generated with the assumption that the working
fluid by default is air, hence, R and γ are usually omitted from the non dimensional groups.
Also in most of the gas turbine simulation packages, it is not possible to change the gas prop-
erties to simulate an off-design condition with a different working fluid. This section provides
a generic approach using dimensional analysis to find the off design operating conditions with
a different working fluid, without actually changing the working fluid properties. General gas
turbine simulation packages use different mathematical extrapolation schemes to obtain off
design operating points far away from the design point. As a similar condition is expected in
this work, if the characteristics at this extreme off-design condition are not accurate, it may
lead to faulty results. However, there is no method to check the validity or accuracy of the
maps except for detailed models and tests. We assume for now that the map is at least first
order accurate in this off-design operating regime.

Conventionally, the following steps are followed to find an off design operating point for an
industrial gas turbine given the compressor and turbine maps [Saravanamuttoo et al. (2001)].

1. With the ambient conditions and gas properties known, select a constant speed line
( N√

γRT
line) on which the gas turbine should operate.
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2. Select a point on the selected non dimensional speed line and obtain the mass flow rate
and pressure ratio at that point. Check if the pressure ratio and mass flow pair at that
point is consistent with the turbine characteristics. If yes, this is the operating point.
If no, repeat the procedure for a new point on the non dimensional speed line. In other
words, find the operating point iteratively.

To locate the off design operating point with CO2 working fluid on the compressor map, a
similar procedure is followed. Pressure loss in the combustion chamber and mass flow addition
due to fuel and oxygen are not considered in this analysis.
Table 6-1 shows the values of the parameters used to locate a point on the map at both design
and off design.

Parameter Unit Value at Design (Air) Value at Off-Design (CO2)
N rpm 3000 3000
T01 K 288 288
TIT K 1451 1451
R J/kgK 287 188
γ - 1.4 1.293
p01 bar 1.0132 1.0132
m kg/s 407.2 To be evaluated
Pressure ratio - 13.07 To be evaluated

Table 6-1: Table shows the values of the parameters used to locate a point on the compressor
map at both design (Air) and off design (CO2) cases.

With the information in the table above, the non-dimensional speed can be calculated at
off-design using equation 6-2. This gives an increase of 28% compared to the design point.
However, if the map in figure 6-1 is observed carefully, there is no non dimensional speed line
corresponding to 1.28 times the value at design. Without the non dimensional speed line, it
is not possible to obtain the off-design operating point by just looking at the map. Hence, to
locate the off-design point some manipulative steps are described as follows:

1. We make use of the fact that compressor performance does not depend individually
on parameters given in table 6-1 but on the non dimensional groups they form. This
means that the compressor performance does not depend individually on the specific
gas constant and ratio of specific heats but on their effect on the non dimensional mass
flow and non dimensional speed. So an artificial/hypothetical value of the compressor
inlet temperature is given as an input to any gas turbine simulation package, such that
the non dimensional speed is same as the case with lower R for CO2 and ambient inlet
temperature. As long as the non dimensional parameter values are the same for the
CO2 and the artificial case, the performance of the compressor will be the same for both.
Note that this reduction in temperature is only a numerical manipulation, in reality,
only R lowers for CO2 operation and temperature does not change to give the same
non-dimensional speed line. In this study, this artificial temperature shall be called as
Tpseudo which can be calculated as shown below:

N√
γco2Rco2Tamb

= N√
γairRairTpseudo

(6-3)
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Tpseudo = γco2Rco2Tamb
γairRair

(6-4)

2. With this artificial inlet temperature given as input and all other parameters same as
in table 6-1, the software simulates this off-design condition and plots a point on the
map that should theoretically lie on a non dimensional speed line corresponding to CO2
operation. This point will be called as ’pseudo point’. The map with pseudo point
plotted is shown in figure 6-1.

Figure 6-1: Compressor map with Design point for the GE 9E gas turbine in white circle and
pseudo Off-design point in yellow square

3. It is to be noted that the pseudo off-design point shown in the figure only lies on the
same non dimensional speed line as real CO2 working fluid case, but it does not give
the actual values of mass flow and pressure ratio. The actual mass flow rate for CO2
operation can be calculated from the pseudo mass flow rate using the equation 6-5
below.

mpseudo
√

RairTpseudo
p1
√
γair

= mact
√

Rco2Tamb
p1
√
γco2

(6-5)

Where, the left hand side of the equation is the output non dimensional mass flow at
the yellow point in figure 6-1 given as an output by the software routine when Tpseudo
is given as input inlet temperature and all other off-design inputs taken from table 6-1.
The actual mass flow rate can be found as:

mact =
mpseudo

√
RairTpseudo

√
γco2√

γair
√

Rco2Tamb
(6-6)
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Substituting equation 1,
mact = γco2

γair
·mpseudo (6-7)

4. The above equation gives a relation between the pseudo mass flow rate obtained from
the software and the actual mass flow rate. Once the actual mass flow is known, the
pressure ratio is obtained from the turbine equation. The algorithm of the simulation
package will try to calculate the pressure ratio from the pseudo mass flow rate and air
properties and input TIT. Whereas the actual pressure ratio must be calculated from
the actual mass flow rate and CO2 properties and the input TIT. Thus the pressure
ratio given by the software is not the true value. As TIT is the only input parameter,
An artificial TIT input is fixed such that the pressure ratio computed by the software
corresponds to the actual pressure ratio. This is elaborated in the following equations:

mpseudo
√

RairTITpseudo

pcomputed
3

√
γair

= mact
√

Rco2TITact
pact

3
√
γco2

(6-8)

For the pressure calculated by the software to be equal to the actual pressure at turbine
inlet, i.e, pcomputed

3 = pact
3 , after algebraic manipulations and substitution of equation

6-7, TITpseudo should be such that,

TITpseudo = γco2Rco2
γairRair

· TITact (6-9)

where TITact is the actual turbine inlet temperature of 1451K as shown in table 6-1.

Parameter Unit Real Off Design value Artificial Off Design value
N rpm 3000 3000
T01 K 288 175.07
TIT K 1451.7 882.46
R J/kg 188.9 287
γ - 1.293 1.4
m kg/s 407.7 To be evaluated
Pressure ratio 13.10 To be evaluated

Table 6-2: Table shows the real off-design inputs and the artificial off-design inputs (for simulating
the case with CO2 operation but with air properties)

Table 6-2 refers to the real off-design inputs and the artificial off-design inputs which
by theory should both represent the CO2 operating point. The figure 6-2 shows the real
off-design point for CO2 operation with a yellow plus symbol in relation to the design
point and the pseudo operating point.

5. To summarise, by setting the inputs as given in the table 6-2 for artificial Off design
calculations, an operating point for CO2 operation will be obtained without actually
changing the working fluid properties to CO2 properties. This is the significance of
dimensional analysis that shows changing the working fluid to CO2 is equivalent to
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6-3 Theory of compressor performance at Off-Design 69

Figure 6-2: Compressor map with a) Design point in white circle b) pseudo Off-design point in
yellow square and c) real Off-Design point with yellow plus symbol

operating the gas turbine on air with a compressor inlet temperature of 175 K and
TIT of 882.46K. Flowchart 6-3 summarises the above procedure used to simulate the
Off-Design operating condition artificially.

Once the pressure ratio and mass flow rate are also determined, all other parameters of table
6-4 at off design can be determined.The results are presented in section6-4.

6-3 Theory of compressor performance at Off-Design

In this section we shall investigate how a compressor physically responds when CO2 is used
as a working fluid instead of air. The following table 6-3 shows the parameters at off-design
at the inlet to the first stage that are different than design.
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Figure 6-3: Flowchart to obtain CO2 operating point artificially with air properties and pseudo
temperatures as inputs

Parameter Unit Comparison
with Design point Reason

p1, T1 bar, K Same Governed by ambient conditions

Cx1 m/s Same This is an initial assumption which is later
addressed in section 6-4-1

U m/s Same Neither the rotational speed nor the design changes

ρ1 kg/m3 Higher For same pressure and temperature at inlet, density
of CO2 is higher due to a lower specific gas constant

m1 kg/s Higher m= ρAV, for higher density and constant area and
inlet axial velocity, higher mass flow rate.

Table 6-3: Table shows the parameters at off-design at the inlet to the first stage of the com-
pressor in relation to design values

where, p1, T1, ρ1 are compressor inlet conditions. Cx1 is the inlet axial velocity and U is
the tangential blade velocity. Referring to the table 6-3, it can be evaluated that as Cx and
U at inlet are same as design, so the flow coefficient (Cx/U) through the first stage is also
same as design. This should lead to the same loading coefficient for the first stage. This is
shown on the first stage compressor characteristics in left of figure 6-4. However although the
loading coefficient is same as design for the first stage, the pressure ratio is higher. This can
be shown by equation 6-10 which just rewrites the loading coefficient (ψ) in terms of pressure
rise through the stage.

ψ = ∆P
ρU2 (6-10)

where ∆P is the pressure rise through a stage and ρ is the stage inlet density which is higher
at the first stage inlet. So even though the loading coefficient can be same as design, we expect
that the pressure rise through the first stage is higher. Right figure shows Cx vs pressure
rise per stage for constant rotational speed and density as a parameter. Higher pressure rise
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Figure 6-4: Left: Stage characteristics (flow coefficient vs loading coefficient for the first com-
pressor stage. Right: Pressure rise per stage characteristics vs axial velocity at inlet for constant
rotational speed at different inlet densities. Subscripts D stands for design and OD stands for
Off-Design

leads to a higher density rise through the first stage compared to design. So, a higher density
compared to design is expected at the second stage inlet.
The axial velocity at the second stage inlet is given by Cx2 = m

ρ2A2
where m is the mass flow

rate constant throughout the compressor, A is the inlet area of second stage, and Cx2 is the
axial velocity at second stage inlet. Due to a higher density at second stage inlet than design,
the axial velocity through the second stage reduces. For the same U, this means a larger
loading coefficient for the second stage . Referring to equation 6-10 and applying it to the
second stage, both the effects of increased density and increased loading coefficient combine to
give a pressure rise higher than the design pressure rise for the second stage. This phenomena
repeats stage after stage and we can expect that the later stages could reach a point where,

∂∆P
∂φ

= 0 (6-11)

Figure 6-5: Ψ − φ plot for successive compressor stages (First stage to last stage from left to
right)

This point might signify an inception of instabilities in the compressor as the slope of the
characteristics reverse. To understand how this point might lead to an unstable operation, the
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reader is referred to Horlock (1958). This process can be illustrated by figure 6-5. Note that
we can only estimate that there is a risk of instabilities with CO2 operation with a very low
level of certainty. It is possible that even after crossing the point, some stages are stalled but
the compressor can still operate in a stable manner. Another main point is that, matching
a compressor with the turbine greatly affects the flow behaviour in the compressor. So the
theory presented in this section can prove to be baseless without validation with actual off
design calculations for a gas turbine. This is done in the next section.

6-4 Results and discussion

Table 6-4 is obtained after the generic methodology described in section 6-2 is implemented
on the commercial software GasTurb.

Parameter Symbol Unit Design value Off-Design
value

Deviation
from design (%)

Mass flow rate m kg/s 407.7 601 + 47.4
Pressure ratio PR - 13.1 16.4 + 24.9
Inlet axial velocity Cx m/s 166.8 161.4 - 3.3
Inlet absolute Mach number M1 - 0.5 0.61 + 24.2
Exit axial velocity Cxn m/s 145.4 90.5 - 37.8
Compressor isentropic efficiency ηc % 86.3 68.5 - 20.7

Table 6-4: Off-Design values for CO2 operation obtained by implementing the proposed method-
ology in GasTurb

In the subsection 6-4-1, the consistency of the results presented in table 6-4 with the theory
presented in section 6-3 is evaluated.

6-4-1 Interpretation of results

1. The initial assumption made in section 6-3 of same inlet axial velocity as design can be
considered valid as the change in inlet axial velocity is negligible (3% lower than design).
The underlying theory behind this assumption was that for the same rotational speed
and choked compressor stages (mass flow is uninfluenced by pressure ratio), the inlet
axial velocity is essentially constant.

2. From the table, the overall axial velocity through the compressor reduces. This validates
the prediction made in section 6-3 that with CO2 as the working fluid, axial velocity
at each stage exit reduces. This leads to a reduced axial velocity at the inlet of each
successive stage which in turn leads to a positive incidence at the rotor stage inlet as
shown in figure 6-6. Increased positive incidence at the rotor inlet leads to stalling.

3. As it can be seen from the table, the inlet Mach number has increased due to a lower
sonic velocity of CO2 at the same inlet temperature. The graph in figure 6-7 shows that
as Mach number at inlet increases, the allowable range of incidence reduces.
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Figure 6-6: Figure shows inlet velocity triangle for a rotor stage with a) Design velocity triangle in
blue (Cx at design as Cxold) and b) Off design velocity triangle with reduced inlet axial velocity
in red (Cx at off- design as Cxnew). Incidence is shown as the difference between the blade
angles at design and off-design.

Figure 6-7: Loss coefficient as a function of incidence and inlet Mach number taken from Dixon
and Hall (2013)

This makes the risk of stalling even higher. Figure 6-7 also suggests that increased Mach
number leads to increased blade losses, which could be one of the reasons for the lower
isentropic efficiency of the compressor.

Although a risk of instabilities in the compressor is estimated with a very low level of uncer-
tainty, we decide to claim that the gas turbine cannot be operated at this off-design point. If
the same gas turbine still has to be used, then the modifications proposed in the next section
are required.

6-5 Possible solution to force compressor operation at design point

In this section, a method is proposed which enables the compressor to operate at its design
point in CO2 mode. A unique point on the compressor map defines unique velocity trian-
gles in terms of Mach numbers and hence unique compressor behaviour. So the compressor
performance will be the same as design performance if it operates at the design point on the
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map even with CO2 working fluid. There is an increase in the non dimensional speed by 28%
due to a lower R for the CO2 case. This drives the off-design operating point away from the
design point. So at first, we consider a solution such that the operating parameters are so
manipulated that they lead to a non dimensional speed same as the design non dimensional
speed. We consider the expression for the full non dimensional speed ( ND√

γRT
) Here, we choose

to increase the compressor inlet temperature such that the product γRT is same as design.
However increasing inlet temperature to reduce the non dimensional speed by 28% leads to
a temperature of 473K at the compressor inlet. Even though at this point the compressor
isentropic efficiency will be same as design, this is a highly inefficient technique as the thermal
efficiency of the gas turbine cycle is drastically reduced for the same turbine inlet tempera-
ture due to a reduction in the Carnot efficiency of the cycle. This technique leads to a non
dimensional speed line same as design but the operating point is still away from the design
operating point as shown in the figure 6-8.

Figure 6-8: Map showing Off design operating point in yellow with manipulated compressor inlet
temperature such that both off-design and design points are on the same non dimensional speed
line

This occurs because the increase in compressor inlet temperature does not affect the gas
turbine pressure ratio in any way. The gas turbine pressure ratio is decided by the turbine
and only depends on the inlet stagnation conditions, gas properties and mass flow rate at
turbine inlet. For the turbine, the following equation holds at both design and off-design,

m
√

RT
p√γ = const = f(Athroat) (6-12)

Where m is the mass flow rate through the turbine, R,T,p are conditions at turbine inlet and
Athroat is the first turbine rotor throat area. As shown in figure 6-8, for a constant TIT and
non dimensional speed, even though the mass flow rate is almost close to the design mass flow
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(choked compressor stages), the pressure at turbine inlet is lower due to lower R for CO2.
To obtain a pressure ratio same as the design pressure ratio at the same mass flow rate and
the specific gas constant for CO2, the Turbine inlet temperature required would be as higher
than 2000 K. This is practically impossible considering the material limitations.
The turbine equation is governed by choking conditions at the first stage turbine nozzle throat.
It is to be noted that the constant on the right side of 6-12 is a function of the first stage
turbine nozzle throat area, which is fixed by a fixed design and therefore was considered a
constant in this analysis. So another option is to change the turbine characteristics itself by
changing the first stage nozzles which in turn fixes the constant of equation 6-12. We attempt
to find a right hand side constant such that the design pressure ratio is achieved. This leads
to a turbine throat area of 0.247 sq.m. compared to the design value of 0.2068 sq.m. which
is an increase by 20%. This is still a valid solution consistent with the goals of this retrofit
analysis as it is possible to change the first stage turbine nozzles. As turbine inlet is subjected
to very high temperatures, the first stage nozzles are designed to be replaced.

Thus, it seems possible to operate the compressor at design point with CO2 working fluid by
following the two steps discussed above. However, this is achievable at a cost of lower gas
turbine thermal efficiency.

6-6 Conclusion

From the above analysis, the following conclusions can be derived:

1. Validation of the assumptions made in this analysis should be done with a high fidelity
CFD model, and is left as future work. This analysis provides a very physically simplistic
yet powerful approach to test the replacement of CO2 with air. This analysis is only
a first order estimate and should not be trusted without validation.

2. For the Off-Design condition of CO2 as a working fluid, the compressor pressure ratio
and mass flow rate are higher than design. There is a risk of stalling of the compressor
stages due to building pressure rise in each successive stage. This leads to a decision
that operating at the new off design point is dangerous and therefore should
be avoided.

3. This leads to proposing measures to forcefully operate the compressor with CO2 working
fluid at its design point by manipulating relevant parameters. A compressor inlet
temperature of around 473K and a new turbine inlet nozzles with a throat
area of 20% higher than design is required to enable compressor operation
at the design point. Even though it is possible, the gas turbine efficiency is highly
compromised due to a higher compressor inlet temperature required.
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Chapter 7

Summary and Conclusions

In this thesis, system models have been developed, and results are analysed for different
options for zero carbon combined heat and power gas turbine plants. The following options
are studied:

1. Post combustion capture: CO2 is removed from the exhaust gases of the gas turbine.

• Without exhaust gas recirculation
• With Cooled exhaust gas recirculation
• With Uncooled exhaust gas recirculation

2. Pre-combustion capture

3. Oxyfuel combustion: As conventional air Brayton cycle is not applicable to pure O2-
fuel combustion in gas turbines, different cycle working fluids and configurations are
proposed. They include:

• Pure CO2 cycle without recuperation
• CO2+ steam cycle
• Split CO2 + steam cycle with partial recuperation
• s-CO2 cycle with partial recuperation
• CO2 cycle with bottoming s-CO2 cycle

The configurations are compared to each other based on thermodynamic performance
at different power to heat ratios.

Of all the options, some are selected for further analysis where they are compared based on
thermodynamics, economics, and Off-Design performance. The options are compared for a
design condition of a power to heat ratio of 0.78 and fixed process steam output of 400 t/h
at 326°C and 90 bar.
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Finally, although pure CO2 cycle was found to be a promising solution, new turbomachinery
designs are required to realise such a cycle. Therefore, a retrofit analysis is performed to assess
if an existing gas turbine can operate on CO2 working fluid. For this analysis, a methodology
was proposed to evaluate the off-design behaviour of a gas turbine for a different working
fluid using compressor and turbine characteristics.

Some important results of this thesis are summarised as follows:

1. For a gas turbine CHP system with amine based post combustion capture, cooled ex-
haust gas recirculation improves the Design point performance, while uncooled exhaust
gas recirculation improves the off-design performance.

2. When only Oxyfuel cycles are compared to each other at a typical design power to
heat ratio of 0.78, CO2 cycle with bottoming s-CO2 cycle shows highest performance
(CHP electric efficiency and total energy efficiency), followed by pure CO2 cycle. As the
former is a complex cycle to realize, the pure CO2 cycle is selected for further analysis.

3. Next, a comprehensive techno-economic comparison of all selected concepts (namely:
Post combustion capture, post combustion capture with exhaust gas recirculation, Pre-
combustion capture and Pure CO2 Oxyfuel cycle), conveys that the lowest cost of elec-
tricity for the pure CO2 Oxyfuel cycle. It therefore seems promising as a zero carbon
CHP cycle.

4. Finally, the retrofit analysis to assess the suitability of a designed gas turbine to CO2 op-
eration, shows that a gas turbine can be operated with CO2, with a different compressor
inlet temperature and a larger first turbine inlet rotor area. However, the performance
of the gas turbine is seriously deteriorated by these modifications.

5. This analysis predicts a very poor performance of the s-CO2 cycle for CHP applications,
whereas it is very promising as a power cycle concept [Stanger et al. (2015)].

Future Recommendations

The CO2 cycle with bottoming s-CO2 cycle developed in this thesis seems a promising solution
to both decarbonised power as well as CHP. This configuration can be optimised further for
power generation, and the feasibility of a closed supercritical cycle as a bottoming cycle can
be assessed to further develop the cycle concept.

The retrofit analysis performed in this thesis using compressor and turbine characteristics is
a low fidelity simplistic evaluation. Thus, it is advised to conduct a detailed CFD study and
validate the assumptions and the results of this analysis.
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Appendix A

Load control techniques in Gas
Turbine CHP

A-1 Inlet Guide vane control

Inlet guide vanes are blades at the inlet of the compressor that control the inlet air flow to the
compressor and hence to the gas turbine. By turning the IGVs, the flow to the compressor is
deviated such that the magnitude of the absolute velocity remains the same but its direction
changes. This leads to a decrease in the axial component of the velocity. The air mass flow
rate entering the GT is related to the axial velocity component by the following relation:

ma = P1
RT1

A1V1cosα1 (A-1)

where A1 is the compressor inlet area, V1 is the inlet absolute velocity, α1 is the guide blade
angle, and V1cosα1 is the axial velocity component. Ideal gas law is applicable hence density
is written as ρ1 = P1

RT1
. Inlet guide vanes are closed such that α1 increases and thus mass flow

rate reduces. As the mass flow rate is controlled in IGV, the fuel flow rate is adjusted such
that the Turbine Inlet Temperature (TIT) is maintained constant.
In IGV, load can only be reduced up-to around 70% of the full capacity. This limit is dictated
by the surge limit in the compressor.

A-1-1 Effect on Pressure ratio and power

We can write a similar relation as equation A-1 for a choked turbine entry:

m3 = P3
RT3

A3V3 (A-2)

where subscript 3 stands for turbine inlet condition. Thus as turbine exit pressure (ambient),
TIT (T3), and turbine stator inlet area (A3) are constant, pressure ratio decreases as mass
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flow rate decreases. Note for a choked turbine, inlet velocity V3 is not a function of pressure
ratio but of TIT only (V = Vsound =

√
γRT ). This effect can also be verified from gas turbine

maps as shown in figure A-1.

Figure A-1: Compressor map (left) and turbine map (right) showing IGV operation

As mass flow rate reduces, net power output reduces.

A-1-2 Effect on CHP Efficiency

The heat transferred in the HRSG by the gas is given by:

QHRSG = mgascpg(Tout
DB − Tstack) (A-3)

where Tout
DB is the duct burner exit temperature. For constant heat demand (QHRSG), the

R.H.S of equation A-3 is also constant. As mass flow rate of gas through the HRSG decreases
in IGV, for nearly constant specific heat, the temperature drop across the HRSG increases.
Thus, the duct burner exit temperature increases and the stack temperature reduces. This is
illustrated by figure A-2.
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Figure A-2: T-Q diagram of the HRSG with the gas curves in red, green and yellow and the
water/steam curve in blue. Red, green and yellow lines represent the slope of the gas curves at
100%, 90% and 80% loads respectively, depicting the increase in duct burner exit temperature
and decrease in the stack temperature at part loads.

The stack losses are given by:

Qstack = mstackcpg(Tstack − Tamb) (A-4)

In equation A-4, as the stack mass flow rate and stack temperature both decrease, the stack
losses reduce. Therefore, CHP efficiency increases with IGV control.

A-2 Turbine inlet temperature control

Gas turbine fuel flow rate is varied to control the Turbine inlet temperature. As suggested
by equation A-1 the air inlet mass flow rate is a function of compressor geometry (A1) and
inlet thermodynamic conditions (P1,T1) only. Thus the turbine mass flow rate is constant
(variation in fuel mass flow rate is negligible). This causes the combustion air-fuel ratio to
increase and TIT to decrease.

A-2-1 Effect on pressure ratio and power

As TIT changes, the pressure ratio changes by equation A-2. For a choked turbine, the inlet
velocity scales with square root of temperature (V =

√
γRT ). Thus, using scaling laws,

equation A-2 can be rewritten as:

m3 ∼
P3√
T3

(A-5)

This effect can be seen on the compressor and turbine maps as shown in figure A-3.
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Figure A-3: Compressor map (left) and turbine map (right) showing TIT operation

For constant mass flow rate and turbine exit pressure, pressure ratio decreases when TIT is
decreased at part load. The effect of reducing pressure ratio and TIT on the GT cycle is
shown in figure A-4.

Figure A-4: T-s diagram for a gas turbine with design load shown by a black curve and part load
control by TIT shown by red. Image taken from master thesis by Persico (2017)

The area under the closed curve represents the net specific work done by the gas turbine
system. As it can be seen that this area reduces for constant GT mass flow, the specific work
reduces. Hence, the net power reduces.

A-2-2 Effect on CHP efficiency

As the mass flow rate is constant in TIT operation, the slope of the gas curve in the T-Q
diagram for the HRSG does not change for the same heat transferred in the HRSG. Thus the
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stack losses are constant through out TIT operation. With the net fuel input to the CHP
system decreasing at part loads, constant losses lead to a reduction in the CHP efficiency in
TIT operation.

A-3 Exhaust gas recirculation control

In EGR control, as exhaust gases at a higher temperature than ambient are recirculated back
to the compressor, the temperature at the inlet of gas turbine increases. From equation A-1
we see that the inlet mass flow scales inversely with the inlet temperature (m1 ∼ 1

T1
). This

causes the GT mass flow rate to decrease. The process diagram for EGR is illustrated in
figure A-5

Figure A-5: Process flow diagram of a CHP with exhaust gas recirculation without supplementary
firing.

The ratio of amount of the flue gases recirculated to the total flue gas mass flow is defined
as the EGR ratio. The EGR ratio is varied to control the mass flow and hence the load.
The turbine inlet temperature is maintained constant in EGR by decreasing the fuel flow
proportionally to the inlet mass flow such that the air-fuel ratio is constant.
The oxygen content of the flue gases is quite lower than air (around 12%). When these gases
are mixed with fresh air at the inlet of the GT, the oxygen content of the GT inlet flow also
reduces. According to ElKady et al. (2008), Rokke and Hustad (2005), Bolland and Mathieu
(1998), the minimum O2 concentration required for a stable combustion is around 15 to 16
mole% at the GT inlet. Thus, the maximum EGR ratio is limited by the minimum oxygen
concentration at the combustion chamber inlet.
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A-3-1 Effect on pressure ratio and net power

In equation A-2, for constant TIT, the pressure reduces with reducing mass flow, just as it
happens in IGV control. GT power reduces as the mass flow rate decreases.

A-3-2 Effect on CHP efficiency

The EGR ratio must increase to meet the decreasing load demand at part loads. As EGR
ratio increases, the mass flow rate of gas going to the stack reduces. The stack temperature
also reduces, the reason being same as in IGV operation (refer section A-1-2, equation A-3
and figure A-2). Thus, the stack losses in EGR operation reduce, which leads to increasing
efficiency in EGR operation. However, there is a minimum load below which the EGR ratio
cannot be increased further (dictated by minimum O2 concentration). Beyond this point,
IGV or TIT control, or both can be employed for deep part load operations.

A-4 Part load efficiencies

A comparison of efficiencies at part load for the three discussed control techniques are illus-
trated below. We observe that as we go towards a high efficiency technique, the range of load
control reduces.

Figure A-6: GT load vs CHP efficiency for IGV, TIT and EGR control
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Appendix B

Converting Power cycles to CHP

In chapter 4, only step 1 of the modelling approach discussed in section 4-2 is explained. In
this section, step 2 is discussed in detail.

B-1 Step 2: Specifying mass flow rate and adding duct burner

Figure B-1 shows the simplistic model calculation routine.

Figure B-1: Calculation routine for the CO2 cycle model

In figure B-1, Variables in red show the inputs given to the respective component models.
Variables in black are the outputs calculated from the inputs and component models. Vari-
ables in blue show the initially assumed variables, so called tear variables. Initially, no mass
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flow through the compressor is assumed, so only fuel-O2 combustion takes place to give a 33%
CO2 and 66% H2O (equilibrium composition) flue gas mixture at the combustion chamber
exhaust. Turbine model calculates the turbine exhaust conditions. In the cooler, the gas
exit temperature set by the designer is such that all water is condensed. So for an initial
model default value of the split ratio in the splitter, the calculated mass flow going through
the compressor is mainly composed of CO2. This process is repeated until a steady state is
reached at a point where there is no difference between the mass flow and enthalpy values at
compressor entry calculated in the previous and present iterations. In the figure B-1, for a
particular duct burner outlet temperature given as input, and a certain total gas mass flow,
the steam temperature from the HRSG is calculated for a fixed input steam mass flow rate.
The duct burner outlet temperature is thus a control variable that the designer uses to get
the desired steam conditions. The minimum duct burner temperature that meets the desired
steam condition is required to avoid cooling losses in the condenser and maximize the CHP
efficiency for that design.

In the model, mgas
in is varied and the process steam conditions and demand is constant to

obtain performance at different power to heat ratios.

B-2 PFD for Oxy-fuel cycles optimised for power

Figures B-2, B-3, B-4, B-5 and B-6 represent the process flow diagrams for the cases described
in table 4-7.

Figure B-2: Process flow diagram of air cycle with bottoming steam cycle (employing waste heat
recovery for power generation.
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Figure B-3: Process flow diagram of CO2 cycle with bottoming steam cycle (employing waste
heat recovery for power generation.

The process flow diagram for the CO2+ steam cycle with steam bottoming cycle is same as
figure B-3, with only different operating parameters.

Figure B-4: Process flow diagram of split CO2 steam cycle optimised for power.
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Figure B-5: Process flow diagram of s-CO2 cycle optimised for power (Allam et al. (2014))

Figure B-6: Process flow diagram of CO2 cycle with bottoming closed s-CO2 cycle optimised
for power
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Appendix C

Effect of SMR operating parameters
on fuel conversion

The figures C-1 and C-2 show the composition of the product species with respect to the
operating parameters of an SMR.
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Figure C-1: Influence of steam to carbon ratio and the temperature on (A) H2 amount, (B)
CO amount, (C) CO2 amount, and (D) molar ratio of H2/CO at the thermodynamic equilibrium
taken from Minh et al. (2018).
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Figure C-2: Influence of the reaction pressure in steam methane reforming in the temperature
range of 700–900°C for a mixture containing 1mol of methane and 3moles of steam: (A) 700°C,
(B) 800°C, (C) 900°C, and (D) methane conversion at different temperatures taken from Minh
et al. (2018).
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