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Abstract

The growing global demand for energy and anthropogenic activities to satisfy demand has led to a
significant increase in greenhouse gas emissions, contributing to global warming and climate change.
Addressing these challenges requires the development of high-efficiency energy systems with low carbon
dioxide (CO2) emissions, as the energy sector is a leading contributor to global CO2 emissions. The main
objective of this research is to perform a comprehensive thermodynamic analysis of gas and steam power
cycles, with a focus on improving the operational efficiency of low-emission combined cycle gas turbine
(CCGT) power plants. Based on the concept of bioenergy with carbon capture and storage (BECCS)
technology, the study aims to determine the properties of the fuel that allows the transition of a large-scale
gas plant to a carbon-free CCGT power plant using COs-neutral fuels.

The study evaluates the performance of COg-neutral fuels, which involves a mixture of gaseous fossil
fuels such as pure methane and nitrogen-rich natural gas in certain proportions with syngas derived
from biomass sources such as sewage sludge. A detailed analysis of CCGT power plant integrated with
COg capture systems is performed to determine achievable levels of COy capture. A thermodynamic
modelling of a reference power plant is developed considering the critical components of large-scale power
plants integrated with COy capture installations. Flue gases generated from various fuel compositions
are processed under different load conditions using solvents such as monoethanolamine (MEA) and a
mixture of 2-amino-2-methyl-1-propanol (AMP) with piperazine (PZ). Since steam is extracted for amine
regeneration from the power plant, the performance of the CCGT power plant varies depending on the
fuel composition and the type of solvent, which impacts the overall efficiency of the system.

CCGT performance analyses with and without integration of district heating network (DHN) show that
combining fossil fuels with syngas and implementing CO3 capture under varying load conditions allow the
potential to achieve negative emissions. When syngas is mixed with fossil fuels, methane mixtures show
better performance in power plant operation and Ny rich gas mixtures are more effective in reducing
emissions. Syngas proportions of 50% or more with methane and all proportions of syngas mixed with Ng
rich gas show the potential to achieve negative emissions when COz capture systems operate under full or
90% load conditions. The results of the thermodynamic modelling are analyzed through key performance
indicators, such as energy, economic, and environmental indicators. Economic analyses confirm the
viability of the reference case system in real-world applications. The results confirm the potential for the
integrating syngas with fossil fuels and using CO3 capture technologies to achieve environmental targets

while maintaining economic feasibility.
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Streszczenie

Rosnacy globalny popyt na energie oraz antropogeniczne dzialania podejmowane w celu jego
zaspokojenia doprowadzily do znacznego wzrostu emisji gazéw cieplarnianych, co przyczynia sie do
globalnego ocieplenia i zmian klimatycznych. Zmierzenie sie z tymi wyzwaniami wymaga opracowania
wysokoefektywnych systemow energetycznych o niskiej emisji dwutlenku wegla (CO3), poniewaz sektor
energetyczny jest jednym z gléwnych zrdédet globalnej emisji CO2. Gléwnym celem tych badan jest
przeprowadzenie kompleksowej analizy termodynamicznej obiegéw gazowo-parowych, koncentrujac
sie na poprawie efektywnosci operacyjnej niskoemisyjnych elektrowni gazowo-parowych (CCGT). W
oparciu o koncepcje bioenergii z wychwytem i skladowaniem dwutlenku wegla (BECCS), badanie ma
na celu okreslenie wlasciwosci paliw umozliwiajacych przeksztalcenie duzych elektrowni gazowych w

bezemisyjne jednostki CCGT wykorzystujace paliwa neutralne pod wzgledem emisji COs.

Wyniki badan pozwalajg oceni¢ efektywnos$¢ stosowania paliw neutralnych pod wzgledem emisji
COg, ktore obejmuja mieszaniny gazowych paliw kopalnych, takich jak czysty metan i gaz ziemny
bogaty w azot w okreslonych proporcjach, wraz z gazem syntezowym pochodzacym z biomasy, na
przyklad z osadow $ciekowych. Przeprowadzono szczegdlowa analize elektrowni CCGT zintegrowanej
z systemami wychwytu COq, aby okresli¢ mozliwe do osiagnigcia poziomy wychwytu CO2. Opracowano
modele termodynamiczne elektrowni referencyjnej, uwzgledniajac kluczowe elementy duzych elektrowni
zintegrowanych z instalacjami wychwytu CO;y. Gazy spalinowe generowane z réznych sktadéow paliw
sa przetwarzane w roéznych warunkach obciazenia za pomoca czynnikow takich jak monoetanoloamina
(MEA) oraz mieszaniny 2-amino-2-metylo-1-propanolu (AMP) z piperyzyng (PZ). Poniewaz para jest
ekstrahowana z elektrowni do regeneracji amin, wydajnos$¢ elektrowni CCGT zmienia sie w zaleznosci
od sktadu paliwa i rodzaju rozpuszczalnika, co wplywa na ogélna efektywnos¢ systemu.

Analizy wydajnosci CCGT z i bez integracji z siecia cieplowniczg (DHN) wykazuja, Ze mieszanie paliw
kopalnych z gazem syntezowym oraz wdrazanie wychwytu COy w zmiennych warunkach obcigzenia
umozliwiaja osiggniecie ujemnych emisji. Mieszanki metanowe wykazujg lepsza wydajnos¢ w pracy
elektrowni, podczas gdy mieszanki gazowe bogate w azot sg bardziej efektywne w redukcji emisji.
Proporcje gazu syntezowego wynoszace 50% lub wiecej z metanem, jak réwniez wszystkie proporcje gazu
syntezowego mieszane z gazem bogatym w azot, maja potencjal osiagniecia ujemnych emisji, gdy systemy
wychwytu COy dzialaja przy pelnym lub czeSciowym obcigzeniu réwnym 90%. Wyniki modelowania
termodynamicznego zostaly przeanalizowane pod katem kluczowych wskaznikéw efektywnosci, takich
jak wskazniki energetyczne, ekonomiczne i $rodowiskowe.  Analizy ekonomiczne potwierdzajg

wykonalnos¢ systemu referencyjnego w rzeczywistych zastosowaniach. Wyniki potwierdzaja potencjat
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integracji gazu syntezowego z paliwami kopalnymi oraz zastosowania technologii wychwytu COs, aby

osiggna¢ cele srodowiskowe przy zachowaniu optacalnosci ekonomiczne;.
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Chapter 1

Introduction

1.1 Low-emission heat and power generation

1.1.1 Energy & Electricity - Supply and Demand

The Total Energy Supply data from the International Energy Agency (IEA) from 2000 to 2023 show
significant changes in global energy production. In 2023, countries worldwide produced 642 exajoules
(E)) of energy, including fuel conversion and electricity production, which is 2% higher compared to 2022
[1]. In 2021, China, the United States, and India are the leading contributors with 25.3%, 14.5% and 6.4%
respectively to the total energy supply. As shown in Figure 1.1, the global energy supply continues to
increase each year to meet the growing demand, except that in 2020 a 3.7% decline in energy supply
compared to the previous year was observed due to the COVID pandemic. Despite advances in renewable
energy sources, fossil fuels remain the primary energy sources. The global energy supply per capita has

increased 12.86% since 2000 to 78418.7 MJ/Capita in 2021 [2].
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Figure 1.1: Total energy supply in the World (2000 - 2021) [1], [2].
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In 2023, global electricity generation has reached 36,400 TWh with more than half the share of renewable
energy sources, low-emission power generation technologies, and the integration of carbon capture
technologies with fossil fuels [1]. As illustrated in Figure 1.2 of the global energy supply by sources,
oil remained the dominant energy source in 2021, accounting for 29.5% of the global energy supply.
Subsequently, coal and natural gas contributed 27.2% and 23.6%, respectively. Approximately 28,000 TWh
of electricity was generated worldwide in 2021, with coal (35.9%) and natural gas (23%) being the primary
fuels for power generation. Renewable energy and other alternative sources together contributed 28.8%
to global electricity production, highlighting a significant growth toward net zero emissions. The global
energy in 2021 was categorized by varying consumption according to different sectors. The most global
energy is consumed by the industrial sector, accounting for 30.1% of the total, closely followed by the
transport sector at 26.7% and the residential sector at 21.5% of the global energy. These patterns of energy
use are highly dependent on geographical location and economic development, and more industrialized

regions generally show higher consumption in the industrial and transport sectors [2].
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Figure 1.2: Total energy supply in the World by sources (2000 - 2021) [2].

As shown in Figure 1.3, the industrial sector consumed 127 EJ of energy in 2021, while the transport
sector used 112 EJ. Notably, between 2016 and 2019, energy consumption by both the industry and
transport sectors remained stable, showing consistent demand in these vital areas of the global economy.
However, the specific types of fuels used and the purposes of consumption vary widely between the
sectors, depending on factors such as technological advancements, regional energy policies, and economic
activities [2]. A forecast of the global total energy demand states that the demand will increase up to 670

EJ by 2030 and continue to increase till 2050, with a 16% growth in emerging markets and a 9% decrease in
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Figure 1.3: Total final energy consumption by sector (2000 - 2021) [2].

advanced economies. However, it is predicted that fossil fuels such as coal, oil and natural gas will achieve
a peak before the decline in demand, with an increase in demand for renewable sources and nuclear by
2030, as an impact to achieve Net Zero Emissions (NZE) scenario. Currently, the building and industry
sectors account for over 90% of global electricity consumption, including household, cooling, and heating
usage. However, the increasing demand with the limited availability of critical minerals essential for
power generation and electric vehicles, poses a risk to future electrification [3]. According to the [EA
report in 2024, the electricity demand has increased by 2.4% and 2.3% in 2022 and 2023 respectively. The
demand is forecasted to increase to 2.4% by the year 2026 [4]. As per British Petroleum’s World Energy
Statistics Reports, after the COVID-19 epidemic in 2020, global electricity production increased to 28.47
trillion kWh in 2021, which is 6.2% higher compared to electricity production in 2020 [5]. Due to the fossil
fuel reserves depletion and the forecast of double the increase in electricity demand by the year 2050 than
the current level, the role of renewable energy is increasing in power generation as many countries are
focusing on sustainable energy generation. However, due to barriers such as geographical location and
weather conditions, the large-scale deployment of renewable energies is restricted [6], [7]. A 2024 mid-year
update of the electricity report by the IEA states that the global economic crisis, slowdowns in business
activities and weather conditions across the globe have reduced the electricity demand from 2.7% in 2022 to
2.5% in 2023. Despite this, the electricity consumption in 2024 was forecasted to reach 4% growth [8]. The
IEA’s Stated Policies Scenario (STEPS) states that the electricity demand will rise to 5,900 TWh by the year
2030 with industrial and economic expansions in emerging markets and an increase in the use of electric

transportation in advanced economies. Despite the current high use of coal in many countries, the use of
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coal decline to 26% by 2030 due to energy security and high prices of natural gas, as a part of renewable
growth and NZE scenario. The use of batteries in electric transports will increase the demand for critical
minerals from 7 Mt in 2021 to 11 Mt in 2030 since the applications of minerals expand including solar PV,
batteries and grids [9]. The electricity analysis and forecast in the 2026 report by IEA indicates that the
annual growth rate of electricity demand is declining in advanced economies and increasing in emerging
market countries, as shown in Table 1.1. The demand for electricity in various countries is significantly
influenced by factors such as manufacturing slowdowns and cooling demand reductions in the United
States, as well as energy-saving measures in Japan. Conversely, increased electricity consumption in
China’s industrial sector and economic expansion in India have driven up demand. Looking ahead, it
is anticipated that electrification in the transport and heating sectors of advanced economies, industrial
recovery in the European Union, and economic growth in emerging markets will further elevate demand

[10].

Table 1.1: Annual electricity demand analysis and forecast to 2026 as per countries [10]

Countries Actual Forecast

2022 2023 2024 2025 2026

China 3.7% 64% 51% 49% 4.7%
India 8.6% 7% 6.5% 6.5% 6.5%

USA 26% 1.6%] 25% 1% 1%
Japan 1% 3.7% | 1.2% 02% 0.2%
EU 31% | 32%] 1.8% 25% 25%

Since 1800 to till date, the energy sources have undergone a significant transition from biofuels to coal, coal
to oil and oil to gas. While nuclear and other renewable sources have slowly developed during the past two
centuries, fossil fuels are still the dominating energy sources. As the demand grows, the moderate increase
in renewable energy sources is not impacting the use of fossil fuels, as it requires 13 units of non-fossil
fuels to replace 1 unit of fossil fuel source [11]. Despite the growth in European policies aimed to address
the problems caused by fossil fuels, such as global warming and air pollution, 24 European countries
remain heavily dependent on fossil fuel energy sources, with 10 countries having more than 80% of their
total energy consumption derived from coal, oil, and natural gas. This dependency shows the challenges
in transitioning to renewable energy, as fossil fuels play a major role in energy security [12]. Poland’s
recent energy policies emphasize increasing electrification and reducing carbon emissions in alignment
with EU climate goals. These policies aim to decarbonize the energy sector while maintaining energy
security and providing affordable electricity to consumers. However, despite the efforts, coal remains the
dominant energy source for electricity production. In 2022, coal contributed 70.43% of the total 178.25
TWh of electricity generated in the country. Following coal, wind energy contributed 10.9% and natural
gas contributed 6.62% of the energy mix in 2022 [13]. With China increasing coal production output by
3.4% and India by 12% in response to growing concerns over energy security, the countries significantly

boosted their coal production in 2023. Indonesia increased by 13% due to export demand. These increases
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contributed to a global coal production growth of 3.1%, bringing total production to 8970 million tonnes
in 2023. However, factors including inflation, the energy crisis and unpredictable fluctuations in energy
prices have created a more uncertain outlook for coal production in 2024. As a result, global production
is forecasted to decline to 8939 million tonnes [14]. The largest coal-fired power plant in the world is
Tuoketuo power station located in Hohhot, Inner Mongolia, China. With an installation capacity of 6700
MW, it produces 33,317 TWh of electricity annually. The power plant was initially commissioned with a
capacity of 5.4 GW in 2012 and underwent significant expansion in 2017 to its current capacity. Following
Tuoketuo, the Taean and Dangjin power stations in South Korea are the second and third largest coal-fired
power plants with a capacity of 6,100 MW and 6,040 MW respectively. The Taean power plant consists of 8
X 500 MW of supercritical units and 2 X 1050 MW ultra-supercritical units, which operate with bituminous
coal as a primary source of energy. These units operate at efficiency levels ranging from 37.3 % to 40.15 %
depending on the unit [15], [16], [17]. Similarly, The largest natural gas-fired power plant in the world is
the Jebel Ali power and desalination plant in the United Arab Emirates has a power generation capacity
of 9.55 GW. The plant is also a CHP plant, where the steam from the turbine is used for the desalination
process [18]. The second largest gas-fired power plant is the Surgut-2 power station in Russia and the
largest oil-fired power plant in Saudi Arabia is the Shoaiba power station with an installed capacity of 5.59
GW and 5.6 GW respectively [19]. The global oil and gas consumption in 2022 is 97 million barrels per
day (mbpd) and 4,150 billion cubic meters (bcm) respectively. Due to the net zero transition, this rate is

expected to decline in 2050 to 55 mbpd and 2,400 bem after reaching a peak in 2030 [20].

1.1.2 District Heating System

The District Heating (DH) system is globally recognized for its safety, affordability and efficiency. In
2022, 63.5% of the total energy consumed by European Union (EU) households is dedicated to space heating
to satisfy the energy need for various purposes[21], [22]. A report by IEA states that the integration of heat
pumps, solar thermal and renewable energy sources with DH systems makes an enormous contribution to
achieving net zero emissions by 2050. As a key step, the aim is to establish 350 million connections globally
by 2030 including 400 million solar thermal collectors and 600 million heat pumps [23]. As of 2021, the EU
has 17,000 District Heating Networks (DHN) with an installed capacity of 300 GW [24]. The first generation
DH (1GDH) system in the 1880s employed steam as a heat-transferring medium through concrete steam
pipes. The system faced major challenges such as heat loss and accidents due to steam explosions, making it
less reliable and a safety risk. The second generation DH (2GDH) system in the 1930s used pressurized hot
water with a temperature above 100 °C. The system faced a lot of problems including high heat losses, high
maintenance costs due to the need for large heat exchangers and inefficiency in meeting heat demand. The
3rd generation DH (3GDH) system, which is the current system that started emerging in the 1980s, made
significant improvements by addressing the problems from the past. The 3GDH uses CHP enhanced with
natural gas and biomass as energy sources. In the 3GDH, pressurized hot water below 100 °C is used as heat
carriers circulated through insulated stainless steel pipes, heat losses and enhancing system efficiency. The
3GDH replaced the second-generation DH system due to its efficiency improvements, use of cheaper fuels

and ability to match the heat demand. The 4th generation DH (4GDH) system, also called a smart energy
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system, is designed considering the greenhouse gas emission and global warming crisis and can integrate
with multiple energy sources. The system utilizes waste heat using heat pumps, solar thermal collectors
and geothermal heat as sources of energy, enabling a transition to 100% renewable energy sources. By
using the 4GDH, it is possible to reduce CO3 emission and shift towards environmentally friendly heating
solutions [25]. The 5th Generation District Heating and Cooling (5GDHC) system is an innovative concept
that is currently being explored and tested in pilot-scale operations across several regions of Europe. The
5GDHC offers both heating and cooling simultaneously, depending on the needs of individual consumers.
The 5GDHC reduces energy waste by using sensors and control systems with a combination of thermal and
electrical networks to continuously monitor and balance energy demand and supply, hence it is referred to
as a “smart energy system.” The use of hybrid substations connected to heat pumps allows highly efficient
local energy transfers, which improves system efficiency and helps in decarbonization efforts by reducing
reliance on fossil fuels. The integration of renewable energy sources, such as solar thermal collectors
or Combined Heat and Power (CHP) systems, enhances the performance of the system. By operating at
lower temperatures, the 5GDHC system reduces heat losses and allows for more efficient energy recovery,
particularly when integrated with renewables or waste heat sources. The flexibility and efficiency offered
by the 5GDHC play a crucial role in the energy transition towards zero carbon emission [26].

The concept of Bidirectional SubSTation (BSST) developed in the 4GDH, the local consumers referred to as
prosumers, which are both heat producers and heat consumers, are equipped with solar thermal collectors.
The exchange of heat is carried out in two-way DHN, where the DHN heat is used if the heat from solar
collector is not sufficient and the excess unused heat from solar collector is sent to DHN [27]. The BSST
DHN also uses a centralized heat pump to extract heat from buildings or recover waste heat, which reduces
the demand for heat [28]. The direct integration of heat pumps with DHN offers considerable advantages in
terms of energy efficiency and low-emission heat production. Using renewable energy sources, heat pumps
can replace conventional fossil fuel-based systems, significantly reducing greenhouse gas emissions. This
not only improves global decarbonization goals but also increases the overall sustainability of urban
heating infrastructure. Heat pumps are particularly well-suited for small-capacity DH systems. Medium-
and large-capacity DH systems are better when integrated with CHPs. However, this condition can evolve
technology with improvements in characteristics [29]. The integration of CHP with DH systems has the
great advantage of being used as an energy storage system. During demand hours, the energy from the
DH system is used for power generation and later, during lower load, it can be restored [30]. During peak
hours of CHP operations, the DHN can be dissociated from the CHP to make the operation more flexible.
DHN already exists in most of the urban areas. Hence, the modification does not require much investment

and further improvements in the system yield more profit [31].

1.1.3 Cogeneration

Cogeneration systems enhance the production of thermal and electrical energy with greater
efficiency, reduced energy consumption, and lower emissions compared to conventional power generation
technologies. According to Directive 2012/27/EU, cogeneration is recognized for its ability to deliver highly

efficient heat and power generation and is considered a key technology for energy savings. As part of the
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EU’s energy efficiency initiatives, the directive aims for an 11.7% energy savings target by 2030 [32]. The
share of CHP in electricity production worldwide accounts for up to 15% in 2020 contributing 4,119 TWh
of electricity. Of the total production, the CHP in Europe shares 693 TWh, which is 19% of the total
production. Natural gas, coal and biofuels are major sources of fuel. For cost-saving and environmental
benefit purposes, cogeneration plays a crucial role in most production industries applications such as
paper, sugar, petrochemical, cement, textile and iron & steal industries [33]. Cogeneration offers high
energy efficiency, energy security, possibilities to reduce Carbon dioxide (CO32) emission, use of a wide
range of fuels and integration with cooling and heating systems [34]. Compared to the conventional
systems with 35% efficiency, cogeneration has a high level of efficiency of 85%, since the excess energy
after electricity production is used for heat generation, which reduces the overall operational cost and
lowers Greenhouse Gas (GHG) emissions [35]. For the exact amount of heat and electricity produced, the
cogeneration unit consumes 20 to 30% less fuel compared to a conventional power plant [36]. CHP systems
offer the flexibility to integrate with various renewable energy sources, such as solar, biomass, and in some
cases geothermal energy. This integration not only enhances the sustainability of CHP systems but also
leads to significant cost reductions by reducing reliance on fossil fuels. The adaptability of CHP with
renewable sources positions it as a critical component in the transition to a 100% renewable energy future.
Even with the fossil fuel reserves depleted, CHP systems can continue to operate efficiently with renewable
energy sources. By integrating renewable energy sources, CHP will play a key role in achieving carbon
neutrality and lowering operational costs [37]. The combined cycle with CHP offers significant advantages
across various operational aspects, particularly in meeting peak-hour demands. One of the aspects is its
operational flexibility, which allows the plant to operate efficiently even at minimum load conditions, a
characteristic feature of gas turbines. This flexibility of the plant can adjust its output based on fluctuating
energy demands, optimizing both performance and efficiency. The system also provides product flexibility,
in which the use of steam in the turbine can be regulated. This allows the plant to switch between electricity
generation and heat production for DHN, depending on the immediate demand. For example, during
periods of high electricity demand or when the electricity price is higher, more steam can be directed to
the turbine for power generation, while in heat demand or during winter, the steam can be increased to the
DHN to maximize heat output. The integration of TES further enhances the system’s flexibility by storing
the thermal energy for later use. The overall efficiency of the Combined Cycle Gas Turbine (CCGT) power
plant is highly improved through the utilization of heat recovery for steam production and DHN, which
reduces fuel consumption by maximizing the use of energy already generated. This leads to the concept
of "avoided CO; emissions,” where less fuel is burned providing high efficiency, resulting in reduced fuel
cost and CO3 cost. Additionally, the integration of renewable energy sources into the system offers further
benefits. By using CCGT as a backup only when renewable energy is unavailable, the plant can maintain
a high level of efficiency while reducing both fuel costs and emissions, making it a highly sustainable and

cost-effective solution for modern energy systems [38].

In 2022, Poland has an increasing power production from renewable energy sources (RES) from 32% in
the previous year to 38.3%. Meanwhile, the rise in global natural gas prices led to a reduction in domestic

natural gas production. Currently, Poland does not have any operational nuclear power plants, but is
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Figure 1.4: Gross installed electrical generation capacity in Poland by sources (2014 - 2024) [40].

planning to build six nuclear reactors with a combined capacity of 6 to 9 GW. With the first reactor planned
to be completed by 2033, the other reactors are scheduled to be operational by 2043 [39]. Figure 1.4
illustrates the electricity generation in Poland by sources from 2014 to 2024 [40]. Figure 1.5 shows the
CHP plants of state-owned and private enterprises in Poland. The Instrat power plant database provides
comprehensive information on the development and current status of CHP plants from 1941 to 2024 in
Poland. Of the 115 CHP plants in Poland, 104 remain operational, while two new plants are planned
to be operational by 2025, and the rest have been decommissioned due to retirement. CHP plants have
an average net electric efficiency of 52.1%, which is higher than the efficiency of other types of power
plants with performance ranges between 37.4% and 37.6%. In addition to CHP plants, there are 105 other
types of power plant, 80 of which are still operational, with 7 more planned for future development.
Most CHP plants in Poland operate on hard coal as their primary fuel source, with only about 5% using
biomass, demonstrating the continuous use of fossil fuels by the country in this sector. However, all

the power plants planned to be built in the future in Poland are gas-fired. A total of 8 gas-fired power

plants are planned between 2025 and 2027, with 1 CHP and 7 other types of power plants. This indicates

that the country is reducing its dependency on coal and shifting to lower-emission energy sources, which

improves its energy security. Polska Grupa Energetyczna (PGE) leads the market, managing 36 of the

country’s operational CHP plants. PGE also has plans to commission a new plant by 2025. Despite ongoing
advancements, the future of CHP operations in Poland faces challenges, as nearly 34 of the currently active
CHP plants are scheduled to decommission by 2030. Figure 1.5 illustrates the distribution of CHP plants
in Poland by producer, highlighting PGE’s dominance in the sector [41]. In 2022, PGE and Tauron are
Poland’s two largest energy companies, with installed capacities of 17.9 GW and 5.1 GW, respectively.
Together, these firms supply energy to approximately 10.4 million people throughout the country. In
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response to Poland’s commitment to transitioning to 100% renewable energy, both PGE and Tauron have
developed ambitious long-term strategies with milestones set for 2030 and 2050. PGE has committed to
increasing the share of renewable energy in its energy mix to 50% by 2030, with the aim of reducing 120
million tons of CO2 emissions. By 2050, the company’s goal is to achieve net zero emissions, aligning with
Poland’s broader decarbonization goals. Similarly, Tauron aims to increase renewable energy capacity to
3.7 GW and 1.6 GW with a CO2 emission reduction of 160 kg/MWh and 200 kg/MWh in 2030 and 2050
respectively. As an initial step toward these goals, Tauron plans to install 1 GW of onshore wind power

by 2025 [42], [43], [44], [45].
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Figure 1.5: No. of CHP plants owned by enterprises in Poland [41]

The Energy Policy of Poland until 2040 (EPP2040) is a framework approved by the Polish government that
aligns with the goals of the Paris Agreement and the European Union’s climate and energy policies. It
includes a strategic pathway to achieve low-emission energy generation by improving energy security
and economic performance with a reduction in GHG emissions. The EPP2040 progresses by transiting
from coal-based power generation to renewable energy sources and nuclear power. The policy sets
transition targets following improvements in renewable energy by 2030 and nuclear power by 2033. This
transformation of energy is based on three key pillars: 1) transition of energy production from coal to
renewable and nuclear, 2) achieve net zero emission by promoting renewable and nuclear energy, and 3)

improve air quality by reducing emissions [46].

1.1.4 CO2 emission

The use of fossil fuels as a major source to satisfy demand has increased the emission of COs, one of

the GHG, into the atmosphere [47]. The anthropogenic activities made to satisty the needs of humankind

N. Subramanian Thermodynamic modelling of modern low-emission power units with a gas turbine



1. Introduction 10

for a few decades have influenced the risk of climate change and global warming and the necessity to
mitigate the rising problems. Numerous recent incidents have increased the awareness of the reduction of
greenhouse gas emissions and the adaptation of clean energy [48]. From the beginning of the past century
to today, the effects of climate-related issues have cost 4.13 trillion dollars of the global economy due to
natural disasters [49]. In both advanced economies and emerging markets, the increase in population,
economic growth, and industrialization impact the increase in energy intensity, leading to higher CO,
emissions. Especially in countries of the Organization for Economic Cooperation and Development
(OECD), the transport sector plays an important role along with Gross Domestic Product (GDP) and energy
consumption in increasing CO2 emissions. However, increasing the energy intensity of renewable energy
and increasing energy efficiency can reduce CO2 emissions [50]. Global CO2 emissions have reached 37.7
Gt in 2023 with emissions from the global energy sector increasing by 1. 3% in 2023, which is 1 Gt more
emissions than in 2019 [1]. However, due to the thriving of clean energy, a slowdown of CO3 emissions is
observed compared to the past decades. The deployment of clean energy such as solar photovoltaic energy,
wind and nuclear and the reduction in industrial activities compensated for the increase in emissions,
contributing to the slowdown. The reduction in hydroelectric power generation due to droughts, climate
changes in certain areas leading to an increasing demand for heating and cooling temperatures, and the
resuming of transport and aviation activities by China after the pandemic have increased global CO,
emissions [51]. Figure 1.6 illustrates the global CO2 emission from energy production from 2000 to 2024

[52].
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Figure 1.6: Global energy-related COy emission (2000 - 2024) [52]
Global energy-related COy emissions increased by 1.7% in 2017 compared to the previous year, by 2. 7%

in 2018 and remained the same in 2019. The restrictions during the COVID pandemic reduced energy
consumption and the use of public transport at the beginning of 2020, which has reduced 1.55 billion
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tons of COy emissions. This is only temporary, as the ease of restrictions has increased the emissions to
previous conditions [53]. The emission from the power sector has increased by 261 Mt in the year 2021
to 2022, keeping it the largest contributor of COy emission compared to other sectors such as transport,
industry and buildings. In the same period, the increase in emissions from the power and transport sector
was partly compromised by reduced industrial activities and low heat demand, causing reduced emissions
in the building sector. Among the energy-producing sectors, a large part of the emissions come from
electricity and heat generation. Due to the recent demand for natural gas, oil and coal contributed more
CO3 emissions increasing by 2.5% and 1.6% respectively. Sector-wise emissions for the period 2019 to 2022

are illustrated in Figure 1.7 [54].
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Figure 1.7: Global CO3 emission by sectors (2019 - 2022) [54]

The energy sector remains one of the largest contributors to atmospheric pollutants such as COg, SO,
NOy, and particulate matter. The choice of fuel in power plants is critical in determining the type and
amount of emissions. Pollutants such as SO, and NO, are generally originated from coal combustion, while
natural gas combustion produces fewer of these pollutants. Many coal-fired power plants are equipped
with desulfurisation and denitrification systems to mitigate emissions. With the use of lower carbon fuels,
such as natural gas, and improved overall efficiency, power plants can reduce COy emissions. Although
COg capture is possible after combustion, the low concentration of CO; in natural gas flue gases poses
challenges for capture, and the energy required for the capture process can reduce the overall efficiency
of the plant [55]. China, India, and the United States are the world’s top COg emitting countries. The
countries with the highest global per capita COy emissions are Middle Eastern countries such as Qatar
and the United Arab Emirates with low populations and high oil production, which contribute to lower
global total emissions. However, other oil-producing countries such as the US, Australia, and Canada with

high populations have higher per capita CO2 emissions and contribute more to global total emission [56].
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According to individual power plant emissions data, the Tuoketuo Power Station alone emits 31,435 kt/year
of CO3 annually. The Taean and Dangjin power stations also contribute significantly to global emissions,
with annual COy emissions of 35,877 kt/year and 33,859 kt/year respectively [57]. In 2022, the Taean and
Dangjin power stations emitted CO2 of 32.24 Mt and 30.92 Mt, making them the largest contributor to
global CO2 emission among coal power plants [58]. The largest gas-fired power plant, the Surgut-2 power
station annually emits 23.5 million tons of CO2 [59].
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Figure 1.8: Global CO3 emission by fuel (1990 - 2023) [1], [60]

Coal has been used as the main fuel for the past three centuries in industries and still dominates the
energy industry. Coal is currently responsible for the highest CO2 emissions among the different types
of fuel used in industries. Of the total COy emissions made by the energy sector in 2023, coal contributes
41.6% of emissions, followed by oil and gas at 30% and 20% respectively. From the past to the current

scenario, gas produces much less CO3 emission compared to both coal and oil, in which the emission from

coal is double times more than the emission from gas. Figure 1.8 shows the global CO5 emission by fuels

used widely in industries from 1990 to 2023 [1], [60].

1.1.5 Negative CO2 emission

To mitigate the CO2 emission and limit the global average temperature to below 2°C, about 196
countries formed the Conference of Parties (COP) and joined the Paris Agreement at the United Nations
Climate Change Conference held by the United Nations Framework Convention on Climate Change
(UNFCCC) in 2015 [61]. It is projected that without the mitigation policy, by the year 2100, the global
GDP will be reduced by 7%. The main goal of the Paris Agreement and the Glasgow climate pact is to

bring about sustainable development and limit the global average temperature to 1.5°C [62]. One of the
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ways to maintain the temperature below 1.5°C is to keep fossil fuels unearthed. 58% of oil, 56% of gas, and
90% of coal must be kept unextracted by 2050. The Middle East countries and Russia are the largest holders
of oil and gas reserves, respectively [63]. To achieve this goal and limit the temperature to around 1.7°C

by the year 2100, the IEA suggested that the four pillars of action must be followed [64]:
 Energy sector — decarbonization, improving energy efficiency, electrification.
« Preventing deforestation.
« Reduction of emissions other than COs, such as methane and HFCs.
+ Improve carbon capture and storage (CCS)/carbon removal from the atmosphere.

In the energy sector, decarbonization is achieved through various methods, such as the deployment
of renewable energy, carbon capture technology in fossil fuel power plants, and nuclear power plants.
According to current policy settings, 44 Mt of COy was captured in 2022. However, to achieve the NZE
scenario, by 2030 this capture rate should be increased to 1.2 Gt. Carbon Capture Storage (CCS) and Carbon
Capture and Utilization (CCU) in power plants with the use of sustainable fuels and low-emission fuels,
and carbon dioxide removal (CDR) provide the possibility to achieve negative emissions [64]. To achieve
a Net Zero Emission (NZE) scenario by 2050, the IEA proposed pathways in 2021 for the Global Energy
Sector. The NZE scenario includes increasing energy efficiency, reducing methane emissions from fossil
fuels, and deploying renewable energy installed capacity of up to 11 TW by 2030 along with proposals
for policy improvements. The importance of the scenario is the increased use of renewables such as
solar PV, wind, nuclear, heat pumps and electric cars, which increases electrification and reduces the
demand for fossil fuels by 80% by the time of achieving NZE. According to the NZE scenario, following
the pathways should reduce 35% of CO3 emissions and 75% of methane emissions in the energy sector by
2030 by increasing the use of renewables, low-emission fuels, nuclear and CO; capture technologies. The
introduction of NZE pathways reduced the cost of clean energy and improved policies, which resulted in
the reduction of the projected global average temperature by 2100 to 2.4°C from 3.4°C, which was projected
before the Paris Agreement in 2015 [65]. In 2021, the International Renewable Energy Agency (IRENA)
introduced a 1.5°C scenario, a similar scenario to NZE for achieving negative CO3 emissions, which has
pathways similar to NZE, except complete elimination of fossil fuel use and use of renewable energy 100%
by 2050. The complete phase-out of fossil fuel limits the use of CCS only in production industries such as
cement and steel production[66]. The acceleration of clean energy in 2019 has increased the generation of
low-emission electricity to 1800 TWh. The deployment of clean energy has drastically reduced the global
demand for fossil fuels by 5% in 2023 [67]. In recent years, the G7 countries that include some of the
EU countries such as Germany, Italy, and France, also include the United Kingdom, the US, Canada, and
Japan are focusing more on the implementation of green technology, considering it as a way to reduce
COg emissions and climate-related issues. However, implementation depends upon further research and
development, capabilities to handle advanced technologies, providing funding and initial initiatives [68].

The concept of bioenergy with carbon capture and storage (BECCS) introduced in 1996 states that

combining energy production using biomass with CCS provides the possibility of achieving negative
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emission [69]. The concept received more attention in 2011 when the Intergovernmental Panel on Climate
Change (IPCC) reported that BECCS is one of the potential technologies available to achieve negative
emissions, and the development of this technology depends on its available land and water resources and
the carbon accounting of the biomass used [70]. However, the use of biomass produced in an unsustainable
way in BECCS is still considered comparable to emissions from fossil fuels. The IPCC Guidelines for
National GHG Inventory in 2006 stated that the emission made from the combustion of biomass-related
fuels without COg capture is considered zero. Including a CCS and performing capture results in negative
COg emission [71], [72]. About 20 projects were announced with a capture rate of 15MtCOy/year. Despite
reports and attention, the deployment of these projects is in a very low phase so that only 50 MTCOq/year
can be reached by 2030 [73]. Figure 1.9 shows the current installed capacity of BECCS and the planned
installation capacity of BECCS compared to the NZE scenario. Currently, only 1 Mt-CO2/year of BECCS
available. The installation of BECCS technology depends on several factors, including the availability of
biomass, COg storage facility, and investments [74], [75].
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Figure 1.9: Planned and operational BECCS capacity and NZE scenario capacity[74]

1.2 Current status of the research

Gas turbines offer improved efficiency, flexibility, and lower emissions than coal power plants. They
are highly responsive to rapid load changes and can start up quickly, making them suitable for fluctuating
operating conditions. Coal power plants have higher COs emissions from 50% to 100% more than gas
turbines. The Frame-F heavy-duty gas turbine (HDGT) is one of the largest and most powerful in operation,
with a firing temperature range of 1300-1400°C and capable of generating 334 MW of electricity with an
efficiency of 40.5% in a simple cycle. When integrated into a combined cycle the turbine can produce

up to 475 MW with an efficiency of 58.2%. The lower emissions profile and higher efficiency compared
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to coal make the F-class HDGT a crucial component in modern power systems for transitioning towards
cleaner energy solutions [76]. Further advancements in CHP systems have been proposed to enhance both
power generation and environmental performance. This involves integrating a Combined Cycle with an
Organic Rankine Cycle (ORC) and thermoelectric units. In the combined cycle, electricity generation is
performed by utilizing exhaust gases from the gas turbine in the evaporator to produce steam for the steam
cycle. After the evaporator, the flue gas passes through thermoelectric generators to produce additional
electricity. After power generation in the Rankine cycle, the exhaust steam from the steam turbine is
used as a converter in the ORC, where it heats the organic working fluid that drives an OR turbine for
electricity production. The thermoelectric units supply energy to the auxiliary equipment. This system
is capable of producing an annual power output of 749 GWh, although production can vary based on
weather conditions [77]. A study by Zaporowski highlights the significant advantages of natural gas-fired
CHP achieving high efficiency and low emissions when compared to coal or biomass-fired CHP systems.
Various operational parameters of the CHP systems were compared, focusing on the impact of different
pressure levels in the Heat Recovery Steam Generator (HRSG). It was found that a gas-fired CHP with three
pressure levels such as High Pressure (HP), Intermediate Pressure (IP), and Low Pressure (LP) performs
better compared to systems with fewer pressure levels. Specifically, the system with three pressure levels
achieved an electrical efficiency of 55% and an overall efficiency of 77.6%, which are higher than the systems
with two or single pressure level systems. In terms of cogeneration heat efficiency, the single pressure level
HRSG demonstrated a high efficiency of 32.42%, due to the lower amount of electricity produced, which
allowed for more efficient heat recovery [78]. The CCGT offers high operational flexibility, increased power
generation capacity, lower GHG emissions, and provides an efficiency more than 60%. With more research
and development, this efficiency can be improved further. Recent research on the Nishi-Nagoya combined
cycle power plant in Japan shows that by improving subcritical and supercritical steam parameters, and
optimizing the pressure levels in the HRSGs, the efficiency of the power plant can be improved further. The
Nishi-Nagoya plant operates with 3 gas turbines and 3 HRSGs, producing steam to power a steam turbine
to generate a total power output of 1.19 GW. In 2018, this power plant set a Guinness World Record for
achieving a gross efficiency of 63.08%. Further research shows that efficiency could be improved to 64.45%
with a power output of 1.21 GW. However, this improvement would require additional investment in
advanced materials for HP pipelines, HRSGs, and turbines, including increasing the stages of the steam
turbine and improving the wall thickness of the HRSG [79]. After six years, the record was surpassed by
the Keadby 2 power station in the UK, which achieved a gross efficiency of 64.18% [80].

A comparative analysis with three different scenarios is performed to analyse the flexibility of CHP-DHN
operation in response to fluctuation of the heat supply. Scenarios such as CHP integrated with a Thermal
Energy Storage (TES) system, CHP connected to a DHN, and CHP integrated with DHN using TES as buffer
tank are used. The CHP system is modelled to operate at an electrical power output of 370 MW, providing
a maximum heat output of 500 MW to the DHN. In a static model of the first scenario, where CHP is
combined with a TES system, the TES compensates for the temperature fluctuations of the CHP system.
To manage a fluctuation of the heat output of 50 MW, the required volume of TES is calculated to be 5640

m?. In the second scenario, where the CHP relies only on the DHN for heat distribution, the temperature
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gradient cannot be balanced by the DHN alone, as the network itself is used as thermal storage, limiting its
ability to respond to changes in demand. The third scenario, which integrates the TES as a buffer tank with
the DHN, offers the most efficient solution. To handle the same 50 MW heat fluctuation, the buffer tank
requires a smaller volume of just 833 m?. This improved performance in managing heat frequency reserves
compared to the other two scenarios. This configuration optimises system flexibility by efficiently buffering
thermal fluctuations while minimizing space and infrastructure needs, making it the most effective option
among the scenarios analysed [81]. A low temperature district heating concept (LTDH) is developed,
which operates at a supply and return temperature of 55/25°C is developed with the end user receiving
a supply temperature of 45°C at a minimum limit hot water temperature to residents. LTDH compared
to Medium Temperature District Heating (MTDH) operating at 80/40°C using energy and exergy study
shows a significant improvement in LTDH in terms of performance, energy and exergy efficiency. The DH
systems operated under two different substations with indirect heating using heat exchangers and direct
heating. The comparison shows that the energy efficiency LTDH is 43.5 % and 43 % for direct and indirect
heating operations, respectively. In comparison, the energy efficiency of MTDH is 27.1% and 26.2% for the
direct and indirect heating operations, respectively. The analysis results in LTDH systems with reduced
heat and energy loss, which makes it more suitable for low-quality heat demand and supply [82].

The CCS technology introduced a few decades ago had a lower capture efficiency and difficulties in
integrating it with existing complex facilities. After extensive research and development of the first
generation of CCS, the second and third generation CCS were introduced with improved efficiency and
low cost. Some of it is possible to integrate with existing complex systems. Despite that, most of these
developments are still on a pilot scale and very few are commercialized [83]. Carbon capture in the energy

industry is performed using 3 different methods [84]:

« Pre-combustion carbon capture: COgy is removed before the combustion process through
gasification, where solid fuel is converted into syngas with a high hydrogen composition (H3) and
carbon monoxide (CO). While CO in syngas is converted to CO3 using the Water Gas Shift (WGS)

reaction and separated, Hy is used for combustion.

« Oxy-combustion carbon capture: The air separation unit (ASU) is used to supply oxygen for
combustion, producing flue gas consisting of COy and water vapour. The COs is then separated

after condensation of the water vapour.

« Post-combustion Carbon Capture and Storage (PCCS): It involves capturing COy after the
combustion process using methods such as adsorption, absorption, chemical looping combustion

(CLC) or cryogenic techniques.

In the PCCS process, physical absorption utilises polymeric and ceramic materials, while CO2 adsorption
involves materials such as activated carbon and zeolites. In PCCS, CLC uses a carbonator, where CO9
from the flue gas reacts with calcium oxide (CaO) to form calcium carbonate (CaCO3). Using the
application of heat in the calciner, CO; is released from CaCOs3. For chemical absorption, solvents such
as monoethanolamine (MEA), methyl diethanolamine (MDEA), diethanolamine (DEA), and sometimes a

blend of solvents are used. Depending on the type of solvent and the regeneration efficiency, solvent-based
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PCCS can capture up to 95% of COq from flue gas [84]. Integrating CCGT and PCCS can increase the
chances of achieving low emissions and high electricity output while allowing the potential to achieve
negative CO2 emission. However, the low concentration of CO; in flue gas requires a higher energy
intensity for the capture process and increased capture cost [85]. The selection of a solvent for CO9 capture
is influenced by several factors, including CO2 solubility, the energy required for solvent regeneration
and reaction kinetics of the chemical process [86]. In addition, the corrosion rate, solvent volatility, and
size of the absorber should also be considered, which impacts the reaction kinetics. To improve the CO,
absorption capacity and reaction rates, primary and secondary amines are mixed with tertiary amines [87].
This mixture of solvents improves the capture process by balancing the properties of each solvent, which

improves the overall results of the process [88].

The integration of PCCS with CCGT can also reduce the net power generation of CCGT since PCCS
equipment such as COy compressors and pumps consumes CCGT electricity. Moreover, steam from the
CCGT steam cycle is extracted for solvent regeneration. The modelling of 495 MW natural gas fired CCGT
with solvent CO4 capture technology using a parabolic solar collector and TES to operate the PCCS reboiler
shows significant improvements. To overcome the problem of low COg concentration in flue gas, part of
the flue gas at the exit of the HRSG is recirculated to the gas turbine, which increased the CO2 concentration
by 1.9 mol% and reduced 20% the duty of the boiler. The implementation of flue gas recirculation and the
use of the TES system reduced the Levelized Cost of Electricity (LCOE) by 1.17 $/MW of thermal energy and
CO; avoidance cost by 4.52 $/t-CO3 [89]. Another modelling analysis of 770 MW CCGT integrated with
PCCS using solvent method with advanced configurations in COy capture process resulted in reducing
0.094 MJ/kg-CO3 of power consumption of the PCCS and increasing 0.5% of power generation in CCGT.
Initially, CCGT exhaust gas is recirculated in the power plant to increase the CO3 content in the flue gas.
Lean Vapour Recompression (LVR) introduced to the PCCS separates the vapour from the lean solvent of
the reboiler and is used to preheat the rich amine in the amine heat exchanger, which benefits the solvent
regeneration. Introducing the LVR and preheating rich amine using the condensate from the reboiler

reduces 7.3% of PCCS energy consumption. [90].

The use of biomass in BECCS is expected to contribute to a reduction of 2 GT/year of CO3 by 2050. In this
process, biomass undergoes thermal conversion methods such as combustion, gasification, liquefaction,
and pyrolysis, which produce syngas, hydrogen, biochar, and bio-oil, which can be used for energy
generation. The integration of CCS within this technology allows the possibility of achieving negative
emissions. However, the cost and feasibility of this technology depend on several factors, including
biomass availability, transportation costs, storage costs, the cost of CCS deployment, and carbon prices.
Thus, government support is crucial for implementation. Of the five BECCS facilities that operate globally,
the largest is the Archer Daniels Midland (ADM) ethanol plant in Illinois, which captures 1 Mt of CO,
annually, which is financially supported by the US Department of Energy. On average, the cost of
BECCS ranges from $15 to $400 per ton of CO2 [91]. Europe is slowly progressing in BECCS and
Bioenergy with Carbon Capture and Utilization (BECCU) by utilizing the captured CO2 in biomethane
& bioethanol production, syngas production, Enhanced Oil Recovery (EOR), blue hydrogen and other

industrial uses. With 3 existing plants including a biomass power plant with COy capture for polymers
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production in the UK and two waste-to-energy plants with CO5 capture capacity of 7500 t-CO3/year and
100 kt-COg/year, European countries including Germany, Norway, Belgium and the Netherlands have
planned biomass/waste-to-energy plants with COg capture in the future. The EU produced electricity of
129.3 TWH and 61.7 TWh utilizing biomass/municipal waste and biogas, respectively in 2018. Considering
the availability of biomass, biogas production and biofuel plants in Europe, the total capture capacity of
1.6 Mt-COq/year is planned. In addition to this, the EU also focuses on producing jet fuels from biomass

and blue hydrogen production, which reduces greenhouse gas emissions [92].

1.3 Research hypothesis

It is possible to develop a large-scale unit of a combined cycle gas turbine power plant (based on the
Rankine and Brayton cycles) with zero/negative emission of COg, thanks to combined post-combustion
methods and zero-emission fuels. Integration and operation of the CCS installation in the CCGT power
plant and analysis of suitable solvent allow the reduction of CO emissiony from the power plant with
high carbon capture efficiency and low regeneration requirement. Results of thermodynamic modelling
of gas-fired power plant operation allow for identifying the properties of gas fuels with achievable carbon
capture rate and allow to determine operating conditions and regimes for efficient electricity and heat

generation in CCGT power plant.

1.4 Structure of the dissertation

This dissertation is organised into the following chapters:

Chapter 1 provides a comprehensive overview of the literature on energy systems and CO2 capture
installations. It outlines the current challenges and trends related to the focus of the research, which are
the motivation and direction of the research.

Chapter 2 provides the main objectives of this research and a detailed description and specifications
of the energy systems and COs capture installations analyzed in this study, which are used for developing
the thermodynamic models. The input data necessary for the thermodynamic analysis of the power plant
and carbon capture technology were collected from various industrial sources and the existing literature.
While the designed CCGT comprises real-time operational data from an existing power plant, the PCCS
was designed based on literature-derived parameters. The fuels considered in this analysis are based on
real-time data and experimental findings from Poland. These data sources ensure that the study reflects
the actual fuel composition, availability and operational conditions in the region.

Chapter 3 presents a comprehensive thermodynamic analysis of the combined cycle power plant and
the CO; capture unit. It provides a detailed description and evaluation of the critical components, including
gas turbines, the steam turbine, heat recovery steam generators and district heating network. In addition,
the chapter explains the calculations for the mass and energy balance of COy capture streams, which are
essential to estimate the properties of the stream required for thermodynamic modelling. Furthermore,
the chapter introduces key performance indicators (KPIs) used to assess the feasibility and efficiency of the

proposed system. These indicators include energy, environmental, and economic evaluations. A detailed
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discussion on these KPIs ensures a thorough technical assessment of the designed system, which provides
a detailed understanding of its operational performance and sustainability potential.

Chapter 4 presents the main assumptions of energy systems and COsz capture installations, derived
from real-world data and the relevant literature. Using the data, a thermodynamic model is developed to
accurately reflect real-world operating conditions. To ensure the reliability of the model, the developed
model is validated by comparing the energy unit results with operational data of an existing power plant
and the results of the CO2 model with the experimental CO, capture data and process simulation results.
This validation is crucial to assess the feasibility and accuracy of the system. Furthermore, both the energy
system and the COy capture unit are integrated to analyze their combined performance and operational
effectiveness.

Chapter 5 provides a comprehensive analysis of the results obtained from thermodynamic modelling.
The study examines the use of different types of fuels and various fuel blends in gas turbines, which impacts
the overall performance of the power plant and COy capture installations. Detailed discussion on the
system performance with and without integration of the district heating network and CO» capture facilities
is presented. The KPI evaluation provides an assessment of the system’s capabilities, which describes
performance aspects such as efficiency, emissions reduction, and operational flexibility. Moreover, the
chapter explores opportunities to achieve negative COy emissions by identifying potential strategies for
carbon reduction and techno-economic assessments. The chapter also explores opportunities to achieve
negative COy emissions using the proposed design and identifies the challenges and limitations associated
with its implementation.

Chapter 6 summarizes the research findings and provides a short summary of the dissertation,
highlighting the outcomes of the study. It describes the feasibility of achieving negative COy emissions
and analyzes how the performance of the power plant varies under specific conditions across different
scenarios. Additionally, it summarizes the influence of various solvents on the performance of power

plant and the technical assessment results of the system.
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Chapter 2

Object of the research

As part of the POLNORCCS project on "Negative COy Emission Gas Power Plant” in Work Package
2 (Task 4), the following considerations are taken into account for this research study [93]. The main
objective of this research is to evaluate the possibility of achieving negative COy emissions in a gas
power plant. To assess the technical feasibility of this analysis, the input and boundary conditions for the
thermodynamic analysis and modelling are based on the existing Gorzéw CCGT power plant in Gorzow
Wielkopolski, Poland [94]. The following sections provide a comprehensive description of the considered
case, including the specifications of technology, thermodynamic analysis, model boundary conditions, and

analysis results. The main objectives of the research are as follows.
+ Perform comprehensive analysis of CCGT integrated with PCCS technology using solvent method.

« Develop a detailed thermodynamic model of CCGT and PCCS on the basis of the results of the

analysis.

« Perform complex simulations of CCGT integrated with PCCS using fossil fuels, biogas and mixture
of fuels, to analyze the operational performance of CCGT with and without PCCS and measure the

technical assessment factors.

« Based on the BECCS concept, evaluate the feasibility of achieving negative COy emission using

biogas in the reference power plant.

Due to its high efficiency, low emissions, low operational costs, reliability, and flexible operations, the
CCGT system was selected for this case study. Figure 2.1 shows the overall layout of the CCGT power
plant operating with two Siemens SGT-800 gas turbines, a Siemens SST-400 steam turbine, two HRSGs
and a DHN system. The exhaust produced from the combustion of the air and fuel mixture in the gas
turbines is passed to HRSGs that operate at two different pressure levels. To maximize thermal energy
utilization, the flue gas and steam flows operate under countercurrent exchange in HRSG components.
The steam produced in the pressure levels of the HRSGs is used in the steam turbine for power generation.
The extractions from the steam turbine are used in the DHN heat exchanger for water heating, PCCS for
amine regeneration, and deaerator for the deaeration process. When the pinch point is achieved in HRSG,

which is the minimum temperature difference between the exit of the evaporator flue gas and the fluid
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Figure 2.1: Layout of the reference case combined cycle gas turbine power plant integrated with

post-combustion carbon capture considered for this study [95].

inlet, the thermal energy in the flue gas is further utilized by economizer and DHN. After the utilization
of thermal energy in the DHN economizer, the flue gas is sent to PCCS to perform CO3 capture.

While 68% of the natural gas used in Poland is imported from other countries and 32% of natural gas
is produced domestically. Natural gas is primarily found in the western part of Poland, widely in the
Greater Poland region, and some in the southeast of Poland, and is supplied to other regions through
pipelines. Most of the deposits found in the western part have a high nitrogen content, which is known as
nitrogen-rich natural gas, consisting of only 30% to 80% methane. In some parts of the deposits, nitrogen
in the Ny rich gas will be up to 90% [96], [97]. The natural gas found in Poland is classified as E, Ls, Lw, Ln,
and Lm. Although type E has a high content of methane, Ls and Lw have nitrogen in the range of 27% and
20%, respectively. The Ln and Lm types have a nitrogen content of around 32% [98], [99]. A model study
by Grzymislawski et al. (2023) [100], shows that the increase in the nitrogen content of the fuel used in
the combustion chamber of a gas turbine model has decreased NO emissions by more than half compared
to burning pure methane. However, increasing the nitrogen content can also decrease the combustion
temperature, showing the effect of using Na-rich fuels in gas turbines for combustion.

Sewage sludge is a residue obtained from wastewater treatment plants used to be disposed as landfills.
However, due to the presence of high water content, heavy metals, and organic matter, Directive
2008/98/EC of the EU restricted this method of disposal and Directive 86/278/EEC established limits
on the heavy metal content of sewage sludge that can be disposed of as landfills [101], [102]. The
wastewater treatment plants (WWTP) in Poland contribute to 337 GWh of electricity, where sewage

N. Subramanian Thermodynamic modelling of modern low-emission power units with a gas turbine



2. Object of the research 23

sludge is converted to biogas for the generation of electricity. The sludge produced by WWTPs is utilized
for various applications such as fertilization, incineration, and landfills [103]. In recent years, due to
EU regulations, the use of sludge in landfills in Poland has decreased with an increase in its use for
thermal treatment. Figure 2.2 shows the percentage of sludge used for various purposes from the total
sludge produced in Poland from 2010 to 2022 [104]. Sewage sludge is considered a type of biomass and
is viewed as an alternative to replace fossil fuels. Therefore, syngas produced by the thermochemical
conversion of sewage sludge is considered a renewable energy source. The gasification of the sewage
sludge offers a reduction in its volume and conversion of the sludge into usable gas fuel [105]. A notable
gasification of sewage sludge is the plasma gasification process, where an electric arc is generated between
two electrodes to reach a high temperature up to 4500°C. At these temperatures, the organic matter in the
sewage sludge is converted to syngas, and the inorganic components are converted to slag. This process
has the advantages of producing clean syngas with low toxic components, with lower tar removal and

higher gas yield [106],[107].
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Figure 2.2: Percentage of sewage sludge utilized for thermal treatment from the total municipal waste

generated in Poland from 2010 to 2022 [104].

To match the existing scenario, the Ny rich fuel used in the Gorzéw CCGT power plant [108] is
considered as another fuel. Based on the concept of BECCS, the syngas produced from the sewage sludge
is selected as one of the fuels used in the power plant to achieve negative COy emissions. This syngas
composition is obtained as a result of the experimental plasma gasification of sewage sludge. To compare
the performance of power plant using different fuels, pure methane is chosen. The composition of the

different fuels used for the analysis is shown in Table 2.1. The required fuel flow rate for one gas turbine
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varies according to each fuel depending on the lower heating value (LHV)! of the fuel, such as 50.55 MJ/kg,
18.62 MJ/kg and 17.47 M]/kg for methane, Na-rich gas and syngas, respectively.

Table 2.1: Properties of fuels used in the CCGT gas turbine

Component Molecular formula Methane Nay-rich gas [108] Syngas

mass% molar% mass% molar% mass% molar%

Nitrogen Nj - - 62.12 52.92 - -
Methane CHy 100 100 26.87 39.97 11.46 13.2
Hydrogen Hy - - - - 5.1 46.74
Carbon monoxide CoO - - - - 13.31 8.78
Propane CsHg - - 6.48 3.51 8.03 3.36

Ethane CoHg - - 4.53 3.6 - -
Carbon dioxide COq - - - - 59.31 24.9
Ammonia NHsy - - - - 2.79 3.03
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Figure 2.3: Layout of Post-combustion Carbon Capture and Storage technology using solvent method with

reference points [95].

Figure 2.3 illustrates the components and layout of the PCCS, including the absorber, stripper/desorber
and amine heat exchanger. The exhaust gas from the power plant is pressurised and cooled to the operating
conditions of the absorber - 1 bar pressure and 45°C. Amine under the same operating conditions enters
the absorber in the middle and reacts with COs in the flue gas. Given the absorbing capacity of amine,
the amine absorbs 90% CO; in flue gas and exits the absorber, at this stage referred to as rich amine. To
minimise amine emission, the treated flue gas is water-washed before being released into the atmosphere,
and the flue gas is used further to cool the hot flue gas from the power plant. The pressure of the rich

amine is increased to the operating pressure of the stripper and then preheated in an amine heat exchanger

1LHV based on ISO 6976:1995(E) at 15 °C and 1 atm for gas mixtures
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before entering the stripper, where it is further heated to the stripper’s operating temperature of 120°C.
Recirculation of the amine to the reboiler further increases the temperature using steam at 135°C and 3 bar,
leading to the separation of CO9 from the amine when the amine flows back to the stripper. The separated
COs is then cooled, compressed using the COy handling system, and stored. The lean amine exits the
stripper heat rich amine in an amine heat exchanger and repeat the capture process. The reference points
on each stream of the PCCS help perform a comprehensive thermodynamic analysis for the calculations of
mass balances. These reference points are used to monitor properties such as pressure, temperature, mass
flow, and composition to analyze the efficient operation of the PCCS [95]. Table 2.2 shows the chemical
properties of amines such as MEA, AMP and PZ used for the PCCS CO, capture process [109].

Table 2.2: Properties of solvents used in PCCS process [109].

Parameter Unit MEA AMP pZ
Chemical formula - CoH,NO C4H11:NO C4HigNy
Molecular weight g 61.08 89.14 86.14

Boiling point °C 170 165 145 - 146
Density @ 25°C g/mL 1.012 0.934 1.1
Flashpoint °F 200 153 65
Storage temperature  °C 15 to 25 <30 <30
pH - 12.1 9-10.5 11-12.5
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Chapter 3

Thermodynamic description of

technology

3.1 Gascycle

The Siemens SGT-800 industrial gas turbine was selected for this study due to its exceptional efficiency,
operational flexibility, and low emissions. These characteristics make the SGT-800 particularly suited for
integration into both cogeneration and combined cycle power plants, including applications in district
heating systems. Table 3.1 provided outlines the specific parameters of the SGT-800 used in the analysis,
highlighting its suitability for such energy systems.

Table 3.1: Specifications of industrial gas turbine Siemens SGT-800 [110]

Parameter Unit Value
Power generation MW IS0 50.5
Electrical efficiency % 38.3
Frequency Hz 50
Heat rate kJ/kWh 9407
Speed rpm 6608
NO, emission ppmV <15
Fuel supply pressure requirement bar 27-30
Compressor pressure - 21.1:1
Exhaust gas flow kg/s 134.2
Exhaust gas temperature °C 553

The gas turbine operates under standard conditions of the International Standard Organization (ISO),
which are crucial to the performance and reliability of the operation of gas turbines. The ISO conditions
define standardized parameters such as inlet air pressure, temperature, and relative humidity. The
performance of gas turbines can vary significantly depending on environmental conditions, which

fluctuate depending on location, altitude, and weather. Hence, standardization is very important for the
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gas turbine. As mentioned Figure 3.1, the ISO-rated point of the SGT-800 is set to a compressor air input
temperature of 15°C to achieve a maximum output power of 50.5 MW. This temperature is critical because it
represents the performance of the turbine under different operating conditions to deliver optimal efficiency

and power output in a range of scenarios.

60
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56
Base load

ISO rated point

Electrical power output [MW]

-30 -20 -10 0 10 20 30 40 50

Compressor intake air temperature [°C]

Figure 3.1: ISO rated point for Siemens SGT 800, 50.5 MW [110].

The following equations are used to perform various thermodynamic analyses of the gas cycle of the
CCGT plant considered as the reference. In the gas cycle, the outlet pressure of the gas turbine compressor,
P, (bar), is measured using Equation (3.1) considering the pressure ratio of the compressor (r.) and the input

pressure of the compressor, P; (bar).

Py =r1..P; (3.1)
The isentropic efficiency of the compressor (;;) is calculated using equation (3.2).
h23 - hl
" 3.2
M= 1T (3.2)

Where h; is the enthalpy of air at the inlet of the compressor (kJ/kg) calculated for the temperature of the

air at the inlet of the compressor T (°C). Considering the isentropic entropy of air at the inlet and outlet of
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the compressor are same (s1=s2), the isentropic temperature of air at the outlet of the compressor Ty (°C)
is calculated using the pressure P and entropy of the compressor outlet air, sy (kJ/kg-K), which is used to
calculate the isentropic enthalpy of compressor outlet air hog (kJ/kg). To calculate the outlet temperature
of the compressor air, T2 (°C), the enthalpy of the air at the outlet of the compressor, hy is calculated with

the above equation written as Equation (3.3).

hos —h
hy = s B + hy (3.3)
Nis
Using the mass flow of air, h,;, (kg/s) and the enthalpy of the air at the inlet and outlet of the compressor,

the output work of the air compressor, Wac, (MW) is calculated using Equation (3.4).
WACO = Mgjr - (hQ - hl) (3'4)

The work input of the air compressor, W 4¢; (MW) is calculated using the mechanical efficiency of the air

compressor, 1, using Equation (3.5).

(3.5)

m

The air at the outlet of the air compressor and fuel is passed to the combustion chamber for combustion.
Considering the pressure loss inside the combustion chamber, 5P, the pressure at the outlet of the

combustion chamber, P3 (bar) is calculated using Equation (3.6).
P3=Ps.(1-6P) (3.6)

Equation (3.7) is used to calculate the efficiency of the combustion chamber of the gas turbine using

enthalpy of flue gas at the outlet of the combustion chamber, hs (kJ/kg).

_ (mair + mf) h3 - Mgjr h2
flee = vy - LHV

(3.7)

To estimate the mass flow of fuel, mf (kg/s) with a Lower Heating Value (LHV) of the fuel (k]J/kg) used for

combustion, Equation (3.8) is used.
e = mair . (h3 - h2)
S e .LHV — by

To estimate the mass flow of flue gas, s, (kg/s) produced at the combustion chamber, Equation (3.9) is

(3.8)

used.

n'zfg = Mgir + rhf (3.9

The flue gas produced at the combustion chamber is passed to the gas turbine for power generation. The
outlet pressure of the gas turbine, P, (bar) is measured using Equation (3.10) considering the pressure loss
in the gas turbine (6P;).

Py=P; - 6Py (3.10)

The work input (Wgr;) and the work output of the gas turbine (Wgr,) (MW) is calculated by the
Equation (3.11) & Equation (3.12) respectively.

Weri =gy « (h —hy) (3.11)
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Wero =Weri « m (3.12)

Where n,, is the mechanical efficiency of the gas turbine and hy (kJ/kg) is the enthalpy of the flue gas
at the outlet of the gas turbine. The Net power available on the gas cycle W¢yc) (MW) is measured by
the difference between the work output of the gas turbine and the work input of the air compressor as in
Equation (3.13)

Weye = Wero — Waci (3.13)

The net electrical output of the gas cycle, Ngr (MW) is measured by Equation (3.14) using the electrical
efficiency of the generator, 7,;.

NGT:chc-Uel (3'14)
The heat supplied to the system Q.. (MW) is calculated using Equation (3.15).
Qcyc = mf .LHV (3.15)

The efficiency of the gas cycle is calculated using the Equation (3.16).

Nor
Qcyc

Neye = (3.16)

3.2 Steam cycle

The Siemens SST-400 is a highly efficient industrial steam turbine with a wide range of applications
that are used in various energy systems. The SST-400 is widely used in cogeneration plants with district
heating systems, combined cycle power plants, concentrated solar power plants (CSP), and geothermal
power facilities. Due to the properties of SST-400 as in Table 3.2, operational flexibility, adaptability to
rapid load changes, and meeting specific steam extraction requirements [111], make the SST-400 turbine
an ideal for this study. This section of the chapter shows the various equations of the steam cycle considered
to measure the performance of the steam turbine.

The isentropic efficiency of the steam turbine, ;57 is calculated by Equation (3.17). Using this equation,
it is possible to calculate the enthalpy of steam at the outlet of the steam turbine, hg (kJ/kg) using

Equation (3.18).
hs — hg

Where hj is the enthalpy of steam at the inlet of steam turbine (kJ/kg) and hg; is the isentropic enthalpy

(3.17)

of steam at steam turbine outlet (kJ/kg) for entropy of steam at the inlet and outlet of steam turbine are
idem (s; = s2) measured in kJ/kg.K.
he =hs — nis7 (hs — he) (3.18)

Equation (3.19) & Equation (3.20) are used to calculate the work input W;s; and output W,,; of the steam
turbine (MW) respectively.

Wis = s . (hs — hg) (3.19)

Wost =Wist « Qms (3-20)
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Table 3.2: Properties of Siemens SST-400 steam turbine [111]

Parameter Unit Value
Power output MW  upto 65
Frequency Hz 50
Speed rpm 3000 - 8000
Live steam temperature °C 540
Live steam pressure bar  up to 140
Reheat steam temperature C up to 450
Reheat steam pressure bar up to 30
Turbine extraction steam pressure  bar up to 60
Controlled extraction pressure bar up to 45
Controlled extraction temperature  °C 450
Exhaust steam back pressure bar up to 25
Exhaust steam to district heating  bar up to 3
Exhaust steam to condensing bar  upto 0.6

Where 1y is the mass flow of steam to the steam turbine (kg/s) and 7, is the mechanical efficiency of
steam turbine. The net power produced by the steam turbine, Ny, (MW), is calculated using Equation (3.21).
The Nj; includes the net power produced by both the HP turbine and the LP turbine.

NST =Wost Hel (3.21)

3.3 Combined cycle

Since the reference case considered for the modern CCGT power plant consists of two gas turbines and
one steam turbine, Equation (3.22) & Equation (3.23) are used to calculate the total net power produced by

the CCGT, Necgr (MW) and the net power efficiency of CCGT, nccgr respectively.

NCCGT =2. NGT + NST (3.22)
N
NneeGr = ccot (3.23)
2. Qcyc

Table 3.3 presents the key operational parameters of the CCGT SCC-800 2X1 configuration, demonstrating
its ability to high electricity production and flexible operation at various load conditions. This CCGT
configuration is similar to the reference case CCGT considered for this study, which includes 2 Siemens
SGT-800 gas turbines, a Siemens SST-400 steam turbine and 2 HRSG. The data of CCGT in the table are
derived from [94], which provides real-world operational parameters of the Gorzéw CCGT power plant
with a similar arrangement of CCGT equipment and [112] discusses the extensive application of Siemens
SGT-800 gas turbines, which highlights the advantages of high efficiency and flexibility at lower loads
when included in a CCGT.
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Table 3.3: SCC-800 2x1 CCGT modes on operation with overall performance

CCGT Parameter Unit Value
[94] [112]
Net plant efficiency % 55.1 54.7 - 58.6
Net power output MW  ISOISO 143.6 ISO 135.4 - ISO 163.1
Net plant heat rate kJ/kWh - 6583 - 6143
Net plant output on condensation mode MW 1394 -
Gross plant output on condensation mode MW 141.7 -
Net efficiency of plant on condensation mode % 53.1 -
Net plant output on cogeneration mode MW 134.7 -
Gross plant output on cogeneration mode MW 136.9 -
Net efficiency of plant on cogeneration mode % 84.3 -
Overall efficiency in winter period % 82 -
Overall efficiency in summer period % 52 -
Annual CO3 emission g/kW 520 -

3.4 Heat Recovery Steam generator

Figure 3.2 illustrates the detailed configuration of the HRSG used in the analysis. The HRSG is designed
with two pressure levels such as HP and LP levels with different pressure values. Each pressure level is
equipped with its own economizer, evaporator, steam drum, and superheater. The use of multiple pressure
levels in the HRSG improves the overall efficiency of the power plant. Increasing the number of pressure
levels in HRSG can extract more heat from the flue gas, increasing the power generation of the steam
cycle. The effectiveness of the HRSG is further improved by maximizing heat utilization and minimizing
the temperature difference between the flue gas and the generated steam. However, adding more pressure
levels is not feasible, if the temperature difference between the flue gas and steam is reduced to 15°C, which
would not provide significant heat recovery benefits. Instead, in CHP plants, the remaining heat in the

flue gas can be utilized by the DHN economizer connected to the final stage of HRSG [95].

Water is supplied to the economizer by the HP and LP feed water pumps (FWP) after it is preheated in
the deaerator. The exhaust gas from the gas turbine is passed through the HRSG duct arrangement used
to provide the necessary heat to the components. The preheated water from the economizer is passed into
the steam drum, where the separation of water and steam takes place. The steam separated in the cyclone
separator is further heated in the superheater tubes to become superheated steam, which is then directed
to the steam turbine for power generation. Meanwhile, the water from the steam drum flows through the
evaporator and riser tubes, where it is heated by the flue gas before passing through the separator and
further through the superheaters, as shown in Figure 3.3. As the flue gas passes through various stages of
the HRSG, the temperature of the flue gas decreases with increasing the water/steam temperature at the

HRSG components [95].
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The enthalpy of the flue gas at various temperatures, hyy; (kJ/kg) when using different fuels in HRSG
is determined by Equation (3.24) using the mass fraction of the target gas component, X; and the enthalpy
of the gas component at the target temperature of the flue gas (h;) [95].

N
hfgs = ZX,- b (3.24)

Where ¢ is the target temperature (°C) and i is the chosen gas component. To determine the driving force
temperature of the components of HRSG, the logarithmic mean temperature difference (LMTD) (°C) is
calculated using Equation (3.25) [95].

AT, - ATp

In (372)

Where AT4 & ATg (°C) are calculated using Equation (3.26) & Equation (3.27) respectively with the inlet

LMTD = (3.25)

and outlet temperature of the hot fluid stream Tp; & Ty, and cold fluid stream T.; & T¢,.
AT =Ty - T (3.26)
ATg=Tp, — T (3.27)

Equation (3.28) is used to calculate the heat exchange rate, Qrs (MW) of the components of the HRSG
in both the flue gas and steam streams using the enthalpy of the targeted temperature [95].

QHRSG = mfg . (hfz - hfo) =it . (hso — hg;) (3.28)

The heat transfer rate is calculated using the enthalpy of flue gas at inlet and outlet hy; & hf, and enthalpy
of steam at inlet and outlet hy; & h, (kJ/kg) of the components of the HRSG.

3.5 District Heating Network

The figure shows the arrangement of the DHN in reference CCGT power plant. The return water
from the DHN is split into two streams and reheated. One stream flows through the DHN economizer at
the final stage of the HRSGs and recovers usable waste heat from the exhaust flue gas. The other stream
flows through the DHN heat exchanger, where the LP steam extracted from the steam turbine is utilized
to increase the return water temperature. These two streams are mixed before they pass to the DHN
system. The water supply temperature of DHN is set at 110°C. Three pumps are used in the DHN system,
in which two pumps are used to recirculate the return water from the DHN to the heat exchanger and
the economizers in the HRSGs, respectively, and one pump to transfer the condensed water from the heat
exchanger to the deaerator. Equation (3.29) is used to calculate the rate of heat exchange in the equipment
of the DHN, Qpyn (MW) such as economizer, heat exchanger, and the overall heat consumption of the
DHN, based on the mass flow rates of the hot and cold streams, mhp s & mp s (kg/s) and the enthalpy values
at the inlet and outlet of each component. While flue gas serves as the hot stream in the DHN economizer,
the LP steam serves as the hot stream in the DHN heat exchanger. For the overall DHN system, the supply

water acts as the hot stream. In all cases, the return water serves as the cold stream.

QDHN =MD hs (hfl - hfo) =TMpecs - (hso — hg;) (3:29)

N. Subramanian Thermodynamic modelling of modern low-emission power units with a gas turbine



3. Thermodynamic description of technology 35

\/ ECO

DHN
R
VA
N
LP steam
V from turbine
Supply water Return water
to DHN ¢ to DHN
HEDHN
R
Condensed
water to
Deaerator

Figure 3.4: Arrangement of District Heating Network in the reference CCGT power plant.

3.6 Post-combustion Carbon Capture and Storage Technology using

solvent method

Figure 3.5a presents the detailed arrangement and flow scheme of the PCCS absorber column referred
to in [113]. Before passing the flue gas to the absorber, a blower is used to increase the flue gas pressure
to match the operating pressure of 1 bar and a cooler is used to cool the flue gas temperature to the
operating temperature of the absorber at 40°C. The absorber unit is designed with two inlets: one for the
flue gas stream and the other for the aqueous amine solution. Similarly, there are two outlets for clean
flue gas and the rich amine solution, which consists of a high CO2 content after the absorption process.
The absorber column is divided into two sections, the lower section, where the chemical absorption of
COg by amine occurs. This section is packed with structured packing materials to maximize the surface
contact area between the flue gas and the solvent, enhancing mass transfer efficiency. As of [114], the
packing materials such as ceramic, stainless steel structures, pall rings, and Mellapak are used based on
their thermal stability, corrosion resistance, and surface area characteristics. Two different pumps are used
to supply amine to absorber and water to the water wash section. Because of the volatile nature of amine,
the upper section of the absorber is the water wash zone, which is used to minimize solvent degradation
by capturing entrained amine vapours from the treated flue gas. Here, water is sprayed to cool the cleaned
flue gas and prevent amine emissions. Given the exothermic nature of the COy absorption reaction, the
water wash section also helps to control the temperature of the outlet gas, reducing it to approximately
40.4°C. In addition, the clean flue gas is used to cool the flue gas stream to the absorber and is further mixed

with the diverted stream. The rich amine from the bottom of the absorber is pumped to the top section
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of the stripper column. As in Figure 3.5b referred from [115], the stripper with multiple trays facilitates
contact between the rising CO2 vapours and the rich amine flowing, gradually heating the amine to the
operating temperature of 120°C. Further heating occurs in the reboiler using steam from the LP turbine,
which breaks the bond between COy and solvent. When the solvent flows back into the stripper, the
regeneration of the solvent occurs by releasing the captured CO». The released CO flows upwards to the
COq handling system, where it is cooled to <30°C and compressed to storage of 110 bar. The CO3 handling
system accounts for approximately 30 - 40% of the total power consumption of the PCCS, mainly due to

the three-stage compression of COs.
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(a) Arrangement of PCCS absorber (b) Arrangement of PCCS stripper

Figure 3.5: Construction of critical components of PCCS using solvent method.

Due to the high COs capture efficiency, high potential to achieve negative emission when combined
with bioenergy and the advantage of retrofitting with existing power plant without complications, the
PCCS using solvent method is considered for this analysis. Solvents such as MEA and the AMP-PZ
(Aminomethyl propanol-Piperazine) mixture are considered for the study of PCCS process. The following
description of COgy capture using solvent shows the mass balance and energy calculations, which are
used to perform thermodynamic analysis and better understanding for creating the model. The zwitterion
mechanism introduced by M. Caplow in 1968 [116] and considered by P.V.Danckwerts in 1978 [117] states
the absorption process between the primary and secondary amine (R-NHj) with COs is an exothermic
reaction that forms stable carbamate (R-NHCOO-) as in Equation (3.30). The desorption process is the
reversible reaction, in which the bond between amine and CO; breaks with the application of heat as in
Equation (3.31) [95].

2R-NHj + CO3 — R—NHJ + NHCOO™ + heat (3.30)

R-NH3 + NHCOO™ + heat — 2 R-NHj + CO, (3.31)

N. Subramanian Thermodynamic modelling of modern low-emission power units with a gas turbine



3. Thermodynamic description of technology 37

The COq absorbing capacity with amine is limited to 0.5 mol-CO2/1 mol-amine in absorber due to the
presence of other gas components and operating conditions such as temperature and pressure. Due to
this limit, it requires 2 mol of amine to react with 1 mol of CO,. For this study, an aqueous solution of
70 wt% of HoO with 30 wt% MEA is chosen for the capture process, which achieves a capture efficiency
of 90%. After the exothermic reaction with COg, the amine is referred to as rich amine. The regeneration
process in stripper involves the separation of CO from rich amine, which requires a reboiler duty of 3.8
M]J/kg-COg for MEA. The lean amine after the regeneration process at the exit of stripper has a lean CO,
loading of MEA is 0.17 mol-CO2/mol-MEA, refers to the proportion of COs in lean amine, which requires
a lot of energy to remove. The mass conversion of the absorbing capacity of 0.5 mol-COy/mol-MEA is
calculated to be 360 g-CO2/kg-MEA. The blend AMP-PZ amine with similar properties of MEA is taken
into consideration in this study for comparison purposes. The aqueous mixture of 16 wt% AMP, 14 wt%
PZ and 70 wt% HO is used for the process, which achieves 90% CO3 capture has a rich loading of 0.62
mol-CO2/mol-AMP and 0.86 mol-COy/mol-PZ. In mass conversion, the rich loading is calculated to be
0.306 kg-CO2/kg-AMP and 0.439 kg-CO2/kg-PZ. The lean loadings are 0.37 mol-CO2/mol-AMP and 0.20
mol-COy/mol-PZ. The regeneration process for the AMP-PZ solvent requires slightly less energy, with
a reboiler duty of 3.7 MJ/ kg-COz [95]. This makes the AMP-PZ mixture competitive for CO2 capture,
balancing effective absorption with lower energy demands during regeneration. To build the model of
PCCS using solvent method and to determine the input parameters for the model, it is necessary to perform
a theoretical and mass balance analysis of PCCS. This theoretical analysis followed by calculations provides
data about the required mass flow of solvent and steam for the capture process. The following equations
refer to the reference points provided in Figure 2.3 on each stream of the PCCS process diagram, which
provides a better understanding of the working principle of PCCS. After the creation of the model using
boundary conditions, it is necessary to give input of the mass flow of lean amine required for the CO,
capture and mass flow of steam required for the regeneration process. Once the calculated mass flows are
given to the model, the model adjusts the flow of amine & steam according to the CO; at the inlet of the
absorber and stripper respectively. The total mass flow of amine, rh4 (kg/s) required for capturing mass

flow of COy in flue gas, sy co, (kg/s) is calculated using Equation (3.32) [95].
miq = mfg.COg - MGamine (3.32)

Where mggmine is the rich amine loading in kg/kg. The amine used in the model has a capture rate of 90%,
which indicates the PCCS capturing 90% of COs in flue gas passing through it. The total mass flow of CO,
captured by the amine, thcqp.co, (kg/s) at the absorber is calculated by Equation (3.33) [95].

mmp.coz =0.9. n’igfg_coz (3.33)

After the CO3 removal process in the PCCS absorber, the treated flue gas which consists of a small amount
of CO; escapes through the top of the absorber after water wash. Using Equation (3.34), the mass flow of
treated flue gas, my (kg/s) is calculated using the mass flow of flue gas, 3 (kg/s) at the inlet of the PCCS
absorber [95].

My = M3 — Meap.CO, (3.34)
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While the treated flue gas escapes through the top of the absorber, the rich amine with CO5 content passes
through the bottom of the absorber. The mass flow of rich amine, g (kg/s) at the bottom of the absorber
is calculated using Equation (3.35).

mg = M4 + Meap.CO, (3.35)

The mass balance in the absorber inlet and outlet is given as in Equation (3.36).
ms + Mg = iy + Mg (3.36)

The rich amine at the outlet of the absorber is pressurized to 2.05 bar and the temperature is increased by
passing through the amine heat exchanger and enters the stripper as mass flow of rich amine, 5 (kg/s).
The steam used for amine regeneration in reboiler is the LP steam from CCGT, which is extracted from
the same line of steam supplied for DHN. Hence, the LP steam used in PCCS has an operating condition
of 135 °C and 3 bar. Inside reboiler, the steam has a pressure drop of 0.1 bar and condensed water at the
outlet of the reboiler has 132.37 °C and 2.9 bar (as per the saturated steam properties). The enthalpy of
steam and water at the inlet, hy; and outlet, hos of reboiler are 2728.22 kJ/kg and 556.6 kJ/kg respectively.
The reboiler duty, Q21 (kJ/kg-CO2) required for the model is calculated using Equation (3.37) [95].

Q21 = Qamine . mcap.COg (3.37)

Where, Qumine (k]/kg-COo) is the given reboiler duty of the amine used for the capture process. The rate
of heat exchange in PCCS reboiler (MW) is calculated using Equation (3.38). To estimate the mass flow
of steam, ;,sseam (kg/s) required for the regeneration process, this Equation is written as Equation (3.39)

[95].

Q21 = Mipsteam - (ha1 —hao) (3.38)

Mipsteam = (}121Q+1}122) (3.39)
After the regeneration process, the separated CO2 from amine passes out at the top of the stripper and
carries 10% of vapour from the amine. Throughout the various stages of CO2 compression, the vapour is
cooled and mixed back again to the amine at the exit of stripper. The mass flow of captured CO5 stream with
vapour content, o3 (kg/s) at the top of the stripper and the mass flow of the vapour, mygpour (kg/s) escaped

along with captured COs is calculated by the equations Equation (3.40) & Equation (3.41) respectively [95].
M3 = mcap.COg + mvapour (3'40)

mvapour =10% . mis (3'41)

Using solvent technique in PCCS for CO3 capture process, a purity of 99.8 (vol%) of CO3 can be achieved
[118]. Considering the CO2 purity and 0.2% of vapour losses, the mass flow of lean amine at the outlet of

the stripper, mj7 (kg/s) is calculated using Equation (3.42) [95].

my7 =mis — mcap.COg -02%. mvapuor (3.42)
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The captured COg, mj7 (kg/s) at the final stage of PCCS is compressed to 110 bar pressure through
multi-stage compression and cooled the <30°C and sent to storage. The captured COy with high purity

and less amount of vapour is calculated by Equation (3.43) [95].
g1 = gz — 99.98 % - Mogpuor (3.43)

At the initial stages of modelling, the mass flow of various streams in PCCS process and the heat
requirement for reboiler are calculated using the above equation. The pressure and temperature at each
reference point of various streams of the model are considered with reference to the works of literature

[119], [120], [121], [122], [123] and [124].

3.7 Technology assessment factors

The technology assessment factors of the CCGT integrated with PCCS help to evaluate various
factors including performance, efficiency, and cost analysis to achieve negative CO2 emission. By
integrating CCGT with the PCCS installation, the obtained results are used in the assessment indicators to
analyse emissions at different levels for the considered model. Indicators such as energy, environmental
and economic are used to analyse the technical feasibility, economic viability, policy assessment, and

environmental impact of the considered case study.

3.7.1 Energy indicators

The following energy indicators are measured from the developed model used to assess the emission

level:
+ Gross/Netto efficiency, %
« Gross/Netto power, MW
« Steam cycle power generation, MW
« DHN heat consumption, MW
« Own power consumption, MW
« Power reduced due to steam extraction, MW
« Power load factor, -
- Efficiency output penalty (EOP), kWh/tCO2
The energy indicators such as power load factor and EOP are calculated using Equation (3.44) and

Equation (3.45) respectively.

N
Power load factor = Q—SE (3.44)

RE
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Where Ngg is the power reduced due to steam extraction (MW) and Qgg is the reboiler heat consumption

by PCCS (MW).

N -N
EOP = PP.ref PP.CCS

: (3.45)
mco,

Where Npp ,.r & Npp ccs are the Net power produced by power plant without and with CCS (kW) and
mco, is the mass flow of CO; captured (t/h).

3.7.2 Environmental indicators

The environmental analysis includes the assessment of the emission levels generated by CCGT with
and without the performance of COs2 capture. In this analysis, the utilization of syngas from sewage sludge
is considered as bioenergy. Estimated CO2 emission during syngas combustion is derived from fuel content
(59. 31% CO2 content). Based on the concept of BECCS, this value is treated as a ‘negative emission’ since
it is produced from biomass fuel. When the proportion of syngas with fossil fuel varies in the mixture
fuel, the share of COg in the fuel and the CO3 produced changes accordingly. According to this approach,
negative emission is achieved by mixing syngas with fossil fuel or using only syngas from sewage sludge
and performing COy capture [95]. In the case of mixing syngas with fossil fuel before combustion, the

mass flow of CO2 emitted into the atmosphere, mco, (kg/s) is calculated by Equation (3.46).
mco, = CO2 generated — CO4 captured — share of CO» in syngas (3.46)

The following formulas are used to calculate the environmental assessment of the designed reference case
CCGT with PCCS [84].
The specific emission of carbon dioxide [84], eCOy (kgCO2/kWh) is calculated using Equation (3.47) with

the Net energy generated, N, (kW).

mco,
Nnet
The relative emissivity of carbon dioxide [84], e,COq (kgCO2/kWh) is calculated with Equation (3.48).

eCOy = + 3600 (3.47)

€,CO2 =1per - €CO2 (3.48)

Combining with the specific emission of CO, the above equation is written as Equation (3.49) [84].
mco,
Q

Where 7, is the net efficiency of the power produced in % and Q is the rate of chemical energy in kW. The

e,COq = - 3600 (3.49)

COy capture ratio (CCR) is calculated using Equation (3.50) using mass flow of captured CO2, mco,,capt
(t/h) and mass flow of generated COs, riico,,gen (t/h) [84].

mCOQ,capt

CCR = (3.50)

mCOg,gen

The CO; emission index, y (kg-COs/K]) is calculated using Equation (3.51) with heat input by fuel, Q (kJ)

[84]. .
v= ’”CZ;’W" (3.51)
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The CO; capture in kgCO2/kWh is measured using Equation (3.52). Combining the Equation (3.51), the
equation is written as Equation (3.53) [84].

CO, captured = —2— . nogp (3.52)
Np,ccs
m
COg captured = COzgen . Neap (3.53)

Q ) Np,ccs
Where 7, ccs is the efficiency of the power plant with capture and 7.4y is the CO2 capture efficiency. The
CO3 emitted in kgCO2/kWh is calculated using Equation (3.54) [84].

CO9 emitted =

(1 = Neap) (3.54)

Np,ces

The use of HRSG in this case can avoid CO2 produced during the steam production. The CO2 avoided
(kgCO2/kWh) is measured using Equation (3.55) with the specific emission from the reference plant,
eCOg,,.r and specific emission from the plant with CO3 capture, eCOgp ccs [84].

eCOZ,ref - eCOZp,ccs
eCOQ,ref

CO4 avoided = (3.55)

Since the term CO4 avoided is characterized as a reduction in CO9 emitted, the CO9 avoided can also be

characterized as Equation (3.56) [84].

2 - 2 . (1 - Ucap) (3'56)
Nref Np,css

CO3 avoided =

Where 7,.r is the efficiency of the reference power plant. Using Equation (3.57), the specific primary
energy consumption for COy avoided, SPECCA (kWh/kgCO3) is calculated [84].

1 _ 1
HRP,CCS - HRref _ Np.css Nref

eCOQ,ref - eco2p,ccs - eCOQ,ref - eCOQp,ccs

SPECCA = (3.57)

Where HR, ccs & HR,.f are the heat rate of power plant with and without PCCS unit in kJ/kWh.

3.7.3 Economic indicators

The following equations are used for the economic analysis of the CCGT with and without PCCS. The
SPECCA cost is calculated using Equation (3.58) with the primary energy cost, EC (€/t-CO3) [84].

L 1

EC = Opcss  Tref .EC 3.58
eCOZ,ref - eCO2p,ccs ( )

HRpccs — HRyep

PECCA s = .
5 cc ! eCO2,ref - eCOQp,ccs

The levelized cost of electricity in €/ MWh is calculated using Equation (3.59) [84].

> (Capital; + O&M;) . (1 +1)7*

E=
LCo S MWh. (L+1)"

(3.59)

Where Capital; is the capital construction costs in year t, O&M; is the operation and maintenance cost
including the fuel price in year t, MWh is electricity produced annually, r is the real discount rate

corresponding to capital cost and t is the year.
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The CO2 emission cost of the power plant, e.os; (€/MWh) is calculated using Equation (3.60) with the CO2

cost, ECco,, €/t. ‘
mco,
3.6
The income from the electricity sale of the power plant is calculated using Equation (3.61) with reference

to the grid electricity price, GP (PLN/MWh).

.ECco, (3.60)

€cost =

Es = Nypet - GP (3.61)

The income from the DHN heat sale of the power plant, DHN}, (PLN/h) is calculated using Equation (3.62)
with reference to the DHN heat supply, DHN,,;51, (MW) and heat supply price, DHN_os:, (PLN/G]J).

DHNj, = ——"= . DHN.ost (3.62)

The price of fuel consumed by the power plant, PPf o5, (PLN/h) is calculated using Equation (3.63) with
the heat input of the fuel, Q (MW) and gas fuel price, f;os;, (PLN/MWh).

Q

PPf,cost = 1000 ° feost (3.63)

The total income of the power plant after expenses, PP;ncome (PLN/h) is calculated using Equation (3.64),
with CO, emission cost calculated in (PLN/t).

PPincome = Es + DHN}, — ecost (3'64)
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Chapter 4

Research Methodology &

Thermodynamic modelling

4.1 Main assumptions of parameters for thermodynamic analysis of

reference case CCGT

With the specifications of the critical components of the reference case CCGT power plant referred to
by the Gorzéw power plant, the input and boundary conditions are derived from an extensive review of
the literature. These operating conditions are used to build the simulation model that is accurately aligned
with the existing operational scenario. To improve the accuracy of the model, assumptions are used in the
theoretical calculations and the obtained results are analysed. Based on the literature works [94], [110],
[125], [126], [127], [128], [129] and the library of Ebsilon Professional®, the main assumption of the basic
parameters for the reference case of thermodynamic analysis of the gas cycle is described in Table 4.1.
Similarly, the main assumptions of the basic parameters for the thermodynamic analysis reference case
for steam cycle are considered with reference to literature [94], [111] and [125], and Ebsilon library as in
Table 4.2.

The Ebsilon Professional® performs calculations using the Gauss-Seidel method and performs mass
and energy balance to analyse the created thermodynamic model. The software has a large gas turbine
library, which allows one to choose the specific gas turbine required for the modelling [130]. In this case,
Siemens SGT-800 is chosen as the gas turbine for the reference CCGT model as in Figure 4.1. The input
process parameters such as temperature, pressure and compressor & turbine efficiency as in Table 4.1 are
given as input to the SGT-800 model. According to the LHV of the fuel given as input to the gas turbines,
the model calculates the mass flow of fuel & air required for producing 50.5 MW of power generation.

Assigning reference points to HRSG streams, such as flue gas, water, and steam, as shown in Figure 4.2
enables the distinction of the streams and the thermodynamic analysis based on mass balance calculations
for each component in the HRSG. These reference points are critical for theoretical calculations to
determine the mean temperature difference and rate of heat exchange of HRSG components. The results
obtained from heat and energy distribution data improve the accuracy of the HRSG model. The main

assumptions of input data for HRSG & DHN operation are derived from the thermodynamic analyses and
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Table 4.1: Main assumption of basic parameters for thermodynamic analysis reference case of gas cycle

Parameter Unit Value
Ambient air temperature (ISO) °C 15
Ambient air pressure (ISO) bar 1.013
Relative humidity (ISO) % 60
Air inlet mass flow kg/s 130
Compressor pressure ratio - 21.1:1
Compressor isentropic efficiency % 89.5
Compressor mechanical efficiency % 99
Compressor discharge temperature  °C 431
Fuel temperature °C 25
Fuel Pressure (ISO) bar 30
Combustor inlet water temperature  °C 25
Combustor outlet temperature °C 1250
GT inlet temperature °C 1230
GT exhaust temperature °C 5529
Generator efficiency % 98.5
Generator frequency Hz 50

Table 4.2: Main assumption of basic parameters for thermodynamic analysis reference case of steam cycle

Parameter Unit  Value
HP/LP steam pressure bar 80/8
HP/LP steam temperature °C 510/227

Mass flow of steam to HP steam turbine t/h 62.4
Mass flow of steam to LP steam turbine t/h 15

Condenser inlet pressure bar 0.042
Condenser cooling water inlet temperature °C 15
Condenser cooling water pressure bar 5
Condenser cooling water pressure drop bar 0.5
Make up water temperature °C 15
Steam turbine isentropic efficiency % 88

Steam turbine mechanical efficiency % 99.8

Generator efficiency % 98.5

Generator frequency 1/min 3000
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Rating
Manufacturer [Siemens ]
Name Value Unit
Mode| [SGT-800 Gas ]
Fuel Type Gas P |Power 50520 W -
HR |Heatrate 9410 KI/kWh -
MNotes

M2 | Exhaust Flow 1343 kg/s -

Gas fuel =

T2 |Exhaust Temperature 552.9 c -

QC | Cooling Duty [ W -

QC2 | Cooling Duty 2 [ W -

Reference Conditions
Name Value Unit

Reference T Inlet Temperature | 15 C -
SIPEP v4.4.1 (Siemens Plant Performance Estimation Program) P& Ambient Pressure 1.013 bar -
(PG-P1) |Inlet Pressure Drop |0 mbar -
(P2-P§) |Exhaust Pressure Drop |0 mbar -
RHum  |Relative Humidity | 0.6 -
LHV  |Fuel LHV 46798 k/kg -
HC Fuel HC Molar Ratio |0 -
Wendor Contact —
hittps: /fwww.siemens-energy. com/global fen/general fcontact. html Truel | Fuel Temperature 13 c i
M4 Injection Flow 4 0 kafs -
M11 |Injection Flow 11 0 kafs -
Mi2  |InjectionFlow12 |0 kafs -
Frq Frequency 50 Hz -
Hafuel |Fuel H2 Mole Fraction -

Figure 4.1: Description of SGT-800 gas turbine in Ebsilon Professional®.

operating parameters of both the gas and steam turbines, as summarized in Table 4.3. This table also

includes process parameters for auxiliary components, such as the pump and deaerator, which are critical

to optimizing the operations of the HRSG and DHN systems and improving efficiency. By analysing the

heat distribution and properties of flue gas, water, and steam at various stages, the study aims to optimize

HRSG performance, enhancing heat recovery efficiency and overall power plant output.
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T - Temperature, m - mass flow rate, h - enthalpy, g - flue gas, FW - Feedwater pump, D - steam drum, HP - High Pressure,
LP - Low Pressure, SH - Superheater, EV - Evaporator, ECO - Economizer, DHN - District Heating Network

Figure 4.2: Flue gas path and water/steam line of HRSG components with reference points [95].
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Table 4.3: Input data and specifications of components of one HRSG & DHN used in the CCGT [95]

Parameter Unit  Value
Thermal capacity in steam (thermal output) MW, 67
Thermal capacity in DHN water heater (thermal output of hot water) MW, 10
HRSG components hot and cold liquid streams pressure drop MPa 0.4
HRSG components hot and cold gas streams pressure drop % 2
HRSG HP & LP components cold side heat transfer coefficient W/m?K 500
HRSG HP & LP components hot side heat transfer coefficient W/m?K 50
DHN supply temperature °C 110
DHN return temperature °C 70
DHN heat exchanger supply water pressure drop bar 0.05
Operating pressure of deaerator bar 7
Boiler feedwater pump isentropic efficiency % 80
Boiler feedwater pump mechanical efficiency % 99.8
Boiler feedwater pump speed rpm 3000

4.2 Model validation of CCGT

Based on the input data given in Section 4.1, a detailed model of CCGT was developed using Ebsilon
Professional. As displayed in Figure 4.3, the GT & ST indicate the gas turbines and steam turbine,
respectively. The HP & LP steam generated in two HRSGs is mixed at a point and passed to the respective
steam turbines. LP steam extracted from the LP turbine is used for water heating in DHN heat exchanger
and for the amine regeneration process in PCCS. The CCGT system also includes auxiliary components
that consume power from CCGT itself, which include boiler feedwater pumps, one condensate extraction
pump, and three DHN water pumps. The results of the CCGT thermodynamic calculations performed
using the input data are used to optimize the system and improve overall efficiency. When low LHV fuels
and blended fuels are used in the gas turbine, the gas turbine increases the fuel mass flow to achieve its
maximum power generation of 50.5 MW. Hence, despite the use of different fuels, the performance of
gas turbines remains the same, producing 100.72 MW. The performance of CCGT is measured in different
specifications as in Table 4.4. The performance of the CCGT is assessed under three operational conditions:
without DHN, with 54 MW of heat supplied to the DHN and with 35 MW of heat supplied to the DHN. The
output of the gas turbine remains constant for all fuel types used, indicating that the blend of syngas with
other fuels does not affect the overall efficiency of CCGT in the generation of electricity and heat delivery
to the DHN. The net power output and net efficiency of the CCGT without DHN process conditions align
with the operational ranges of the Gorzéw power plant and the SCC-800 2x1 CCGT as shown in Table 3.3.
When operating CCGT with a 35 MW heat supply to DHN, the process conditions align closely with the
cogeneration mode of SCC-800 2x1 CCGT. This alignment of the results shows that the performance of
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model reflects real-world conditions, validating accuracy of the model, and confirming its potential for

performance evaluation under various operational scenarios [131].
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Figure 4.3: Model of CCGT created using Ebsilon Professional with reference input data [131].

Table 4.4: Results of the performance of CCGT obtained from the model

Parameter Unit

NoDHN DHN -54 MW DHN - 35MW

Gross energy output MW

Net power output MwW
Gross energy efficiency %
Net power efficiency %

Plant own consumption MW

143.8
143.4
54.5
54.3
0.46

138.3
137.9
52.3
52.1
0.53

142.3
141.7
53.8
53.6
0.53

4.3 Main assumptions of PCCS

As mentioned in Section 3.6, the solvents MEA and the AMP-PZ mixture are used in this study for

PCCS using the solvent method analysis. From the CO; rich loading capacity of MEA, it is calculated

that 1 kg of MEA is required to absorb 0.36 kg of CO5. Using Equation (3.32), the mass flow rate required

of aqueous lean MEA to capture 14.73 kg/s of CO» in flue gas produced from methane combustion is

calculated to be 136.27 kg/s. For the lean loading of MEA after amine regeneration, it is calculated that

5.01 kg/s of CO; content will be in the lean solvent flow at the exit of the stripper. The lean aqueous MEA

solution recirculated in the PCCS has a composition of 28.4% MEA + 3.68% COq + 67.92% H3O. A similar
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calculation performed for the solvent of the AMP-PZ mixture shows that, from the rich CO2 loading, a
lean AMP of 48.11 kg/s and lean PZ of 33.52 kg/s is required for the treatment of the flue gas. Taking into
consideration the aqueous solution with a proportion of AMP-PZ as 16 wt% & 14 wt%, the required lean
AMP-PZ for treating the same amount of CO; in flue gas is calculated to be 137.68 kg/s, which is slightly
higher than MEA. Taking into account the lean CO3 loading, the composition of the aqueous solution of
lean AMP-PZ is calculated to be 14.88% AMP + 12.88% PZ + 4.5% COq + 67.74% H20. From the reboiler duty
of MEA and AMP-PZ 3.8 MJ/kg-CO3 and 3.7 MJ/kg-COq respectively, the required mass flow of steam for
the reboiler is calculated using Equation (3.39). For the calculated conditions of COj in rich amine and to
treat the methane fuel combustion flue gas, the mass flow rate of steam required when regenerating MEA
is 23.19 kg/s and for AMP-PZ is 22.58 kg/s. The exhaust gases from gas turbines pass through various
stages of HRSGs, transferring heat to produce steam and reaching the exhaust of HRSGs at a temperature
and pressure of 104.6°C & 0.885 bar respectively and mass flow rate of 268.6 kg/s. At this condition, the
flue gas is directed into the PCCS. The literature on PCCS [119; 120; 121; 122; 123; 124] are used to provide
boundary conditions as in Table 4.5 [95].

Table 4.5: Boundary conditions for modelling PCCS [95]

Parameter Unit Value
Absorber operating temperature ~ °C 40
Absorber operating pressure bar 1
Absorber pressure drop bar 0.1
Stripper operating temperature °C 120
Stripper operating pressure bar 2
Stripper pressure drop bar 0.5
Steam temperature to reboiler °C 135
Steam pressure to reboiler bar 3
Coolers pressure drop bar  0.05
Cooling water temperature C 15
COq capture efficiency % 90
COg to storage temperature °C <30
COg to storage pressure bar 110

Apart from the boundary conditions, the temperature and pressure at each point necessary to model
the PCCS process were also determined from the literature. Various reference points are provided to the
streams of PCCS process using solvent as in Figure 4.4. Reference points help to perform the mass balance
of the streams in the PCCS process and estimate the initial input required for the model, such as the mass
flow of lean amine and the required amount of steam in the PCCS, which are crucial in building the model
and optimizing the operational parameters. The results of the CCGT flue gas and the main assumptions
of PCCS are used in Equation (3.32) - Equation (3.43) to calculate the required inputs and theoretically
analyse the PCCS process [95].
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Figure 4.4: Layout of PCCS using solvent method with reference points on each stream [95].

4.4 Model validation of PCCS

Theoretical analysis and mass balance were performed using PCCS input data, and the calculated
results were used to build the PCCS model, as shown in Figure 4.5. The estimated two crucial parameters,
such as the required mass flow of solvent and steam, are given as initial input to the model depending
upon the type of solvent used. The model regulates these parameters according to the CO2 content in the
flue gases produced by different fuels and the COs in the rich amine. These adjustments are necessary

because COs9 loadings and reboiler duties can vary depending on the fuel used in the gas turbine [131].
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Figure 4.5: Model of PCCS using solvent method created using Ebsilon Professional [131].
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The model is created with a focus on performing thermodynamic analysis and integrating the PCCS
model with the CCGT model. Due to this, significant attention is given to improving the accuracy of the
overall performance of the system in comparison to the chemical interactions within the model. Due to

the absence of mass transfer between phases and chemical interactions except combustion, emissions, and
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fuel processing in Ebsilon, the reaction mechanism between gaseous COy and liquid amine is manually
described in the model. Despite this, the behaviour of the stream completely depends on the composition
of the fluid. The aqueous solvent in the model is described as a universal fluid in which the composition of
the solvent can be described manually. In absorber, 90% of CO2 from flue gas is separated and mixed with
the solvent, which is reversed in stripper depending upon the lean loading of amine used. To improve the
accuracy of the simulation, the model includes a detailed mass balance from the theoretical analysis. For
better mass balance within the process and to get a simple approach, the PCCS acts as a closed system,
where the amine emission and vapour losses are eliminated. However, a water wash system is included
at the top of the absorber to cool the treated flue gas. As shown in the created model of PCCS, the PCCS
process consists of an absorber, a stripper with a reboiler, an amine heat exchanger, a CO3 handling system
and cooling systems. To improve the efficiency of the process, the flue gas exiting the HRSG is pressurized
and then cooled with treated flue gas from the absorber using a flue gas heat exchanger. The steam required
for the reboiler in the stripper is extracted from the LP steam turbine of CCGT. After the steam has been
used in the reboiler, it condenses and is returned to the water line of the CCGT. The vapour carried out
by the captured COj is condensed and added back to the lean aqueous solvent. Theoretical analysis of
PCCS is used to optimize overall efficiency of the system while maintaining effective CO2 capture [131].
To verify the accuracy of the developed model, a model of PCCS developed in Aspen Plus and results are
compared. For the validation of the developed model, the results of the PCCS model are compared with

the experimental results of PCCS used at the Laziska Power Plant in Laziska Gorne, Poland.

4.4.1 Experimental validation

A. Tatarczuk et al. (2023) published the results of the analysis of PCCS pilot-scale plant at Laziska
Power Plant in Poland as "Thermodynamic analysis of a post-combustion carbon dioxide capture process
in a pilot plant equipped with a heat integrated stripper’, which is crucial for validating the developed
model of PCCS in Ebsilon. The Laziska Power Plant is a 225 MW hard coal power plant, in which an
advanced PCCS pilot facility with a Heat Integrated Stripper (HIS) is integrated. The pilot plant uses an
aqueous solution of 30% MEA with CO, capture efficiency of 85% to 95%. The HIS system uses an electrical
heater to supply the necessary heat to the reboiler. In this pilot experiment, flue gas with a mass flow rate
of 200 m3/h at 33.5 kPa and 35°C passes through the absorber and reacts with amine. The lean solvent is
supplied to absorber in two different streams and rich solvent in three different streams to stripper. The
stripper consists of two internal recuperators that utilize the heat of lean amine at the exit of the stripper
by recirculating, minimizing the requirement for heat for the process. The experimental setup uses three
amine heat exchangers (E-210, E-213, and E-214) to preheat the streams of rich amine from absorber using
lean amine streams from stripper. Of the three rich solvent streams, one is directly passed, second through
the E-210 heat exchanger and the final stream through E-213 & E-214 heat exchangers to the stripper. A
water wash section is integrated at the top of the absorber to minimize amine losses. The energy required
for the reboiler in the standard process is 3.21 MJ/kgCOs, which is reduced to 3 MJ/kgCO2 when using
the HIS system. This setup increases CO» capture efficiency to 91% [132]. For a more accurate comparison

with experimental data and validation of the PCCS model, the model is adjusted to a smaller setup similar
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to that used at the Laziska Power Plant. Two amine heat exchangers are added to the PCCS model as
in Figure 4.6. To keep a simple approach, no modifications are made in the stripper. The outlet streams
to absorber and stripper from heat exchangers are combined. The model uses MEA 30 wt% solvent with
reboiler duty of 3 MJ/kgCO2 and the CO; loading of 0.4764 mol-COs/mol-MEA. The capture efficiency is
90%, the mass flow of treated flue gas is 20.97 kg/s and the CO content in treated flue gas is 0.011 mol
in both model and experiment. The required lean MEA is calculated to be 0.131 kg/s and the required
steam flow to reboiler is calculated to be 0.017 kg/s, which are given as input to the model. The model is
designed in a way that with reference to the input calculated value, the model will increase or decrease the
solvent flow and steam flow according to the CO2 content in flue gas and rich solvent. The captured CO,
is compressed and cooled to pressure and temperature of 41.8°C and 98 bar. Comparing the simulation
and the pilot plant the parameters in absorber and stripper remains same. In the built model, the chemical
reaction between the amine and COy is manually described, due to the absence of chemical interaction
and gas phase to liquid phase mass transfer. Due to the same reason the amine emission in treated flue gas

is neglected.
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Figure 4.6: Modified model of PCCS amine heat exchangers in Ebsilon similar to PCCS in Laziska power
plant.

Table 4.6 shows the detailed comparison of the PCCS modelling results with experimental data.
The model output showed a strong correlation with experimental data in case of process parameters
such as pressure, temperature, mass flow, and molar composition in various streams. Differences in
temperature can be observed at some points of the model compared to pilot plant such as rich solvent
outlet temperature of heat exchangers E-213 & E-214 and lean solvent flow outlet temperature at E-213 &
E-214 heat exchangers. This is due to the difference in the density of the solvent used in the model and
the density of the solvent used in the experiment is unknown. According to the model, the density of the
MEA solvent is noted to be 0.461 g/cm? at temperature 35°C and 1.325 bar pressure. The change in density
impacts the flow rate of the solvent in the heat exchangers, which will align with the temperature of solvent

at the outlet of the heat exchangers. The variations are due to differences in the stripper configurations, in
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which the experiment used HIS stripper. However, the relative error calculated with the experimental data
and simulation results shows a range of 0 - <5%, which indicates acceptable values. Despite these minor
differences, the operational values of the absorber flue gas treated, captured CO2 and vapour at the outlet
of stripper show similar results, indicating that the overall modelling results align with the experimental
data. This supports the validation of integrating the model with other types of energy units and scaling

up the model to higher capacities.

Table 4.6: Comparison of experimental data with simulation results

Parameter Unit Experiment [132] Simulation Error (%)

Treated flue gas

Mass flow kg/h 239.58 239.58 0
Pressure (AP) kPa 129 129 0
Temperature C 48.7 48.7 0

COgq in treated flue gas mol 0.0115 0.0111 3.48
O3 in treated flue gas mol 0.09 0.09 0
Captured CO;
Mass flow kg/h 41.8 41.8 0
Pressure kPa 98 98 0
Temperature °C 21 21 0

Rich solvent E-210
Inlet temperature °C 49.9 49.9 0
Outlet temperature °C 83.6 83.6 0

Rich solvent stripper i/l
Temperature °C 91 90.7 0.33

Lean solvent at stripper o/1

Temperature C 107 107 0

Lean solvent E-213
Inlet temperature °C 94 94 0

Lean solvent E-214
Inlet temperature °C 94.9 94.9 0

Gas at stripper outlet

Mass flow kg/h 47.3 47.16 0.3
Pressure kPa 128.8 128.8 0

Temperature °C 71.2 71.5 0.42
Ambient air pressure kPa 99 99 0
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4.4.2 Model-to-Model Benchmarking: Ebsilon Professional® vs. Aspen Plus

Aspen Plus V12 was selected for benchmarking model results due to its ability to perform complex
chemical reactions and mass transfer processes across different phases. The software accurately analyzes
COy capture using amine by adjusting to changes in operating conditions and monitoring reactions

between COy and amine to measure the impact on PCCS performance [133], [134].
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Figure 4.7: Developed model of PCCS using solvent method in Aspen Plus.

This model uses a rate-based simulation framework that includes both equilibrium and kinetic reaction
mechanisms to accurately describe the multicomponent mass and energy transfer between the gas and
liquid phases in the PCCS system. The use of MEA solvent with a CO5 capture efficiency of 90% needs
the detailed thermodynamic models to simulate the absorption and regeneration processes. The model
includes specific mass transfer coefficients, interfacial area calculations and reaction kinetics for the
carbamate formation. Parameters are optimized within Aspen Plus (Figure 4.7) to reflect process behavior
and to benchmark the model against Ebsilon results under identical flue gas boundary conditions from
methane combustion. The absorber column is configured with 30 stages to enhance gas-liquid contact
and promote COy absorption, while the stripper column includes 20 stages to ensure effective thermal
regeneration of the solvent. These configurations reflect those used in the Ebsilon PCCS. The absorber and
stripper use the following specific equilibrium and kinetic reactions (Equation (4.1) - Equation (4.9)) [134],
primarily involving MEA and COg, including the formation of MEA-carbamate and the bicarbonate buffer
system. This detailed representation enables accurate prediction of solvent loading, energy consumption,

and overall capture efficiency.

MEAH* + Hy0 & MEA + H30" + heat (4.1)
2H50 « H30" + OH~ (4.2)

HCOj +Hy0 < COz? + H30* (4.3)
H,0 + HyS & HS™ + H30* (4.4)
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H50 + HyS & S?7 + H30* (4.5)

COy + OH™ <> HCO3 (4.6)

HCO3 <> COy + OH™ (4.7)

MEA + CO; + Hy0 & MEACOO™ + H30* (4.8)
MEACOO~ + H30* & MEA + CO; + Hy0 (4.9)

During simulation in Aspen Plus, the resulting compositions are delivered with accurate chemical details
due to the ability of the model and reaction kinetics associated with CO2 absorption by MEA. This includes
the formation of ion such as protonated MEA (MEAH?), bicarbonate (HCO3"), and carbamate (MEACOQ"),
as well as water and dissolved CO,. The progression of these reactions across different column stages
provides a stage-wise insight into mass and energy transfer behaviour. Operating conditions such as
temperature and pressure were found to be in close alignment with those calculated in Ebsilon, validating
the boundary conditions used for benchmarking. However, differences are observed in the mass flow
rates of key streams due to the difference in modelling approaches. Aspen Plus includes detailed chemical
equilibrium and kinetic models, while Ebsilon relies on thermodynamic balance and heat integration
assumptions. Mass flow rate directly influences solvent circulation rate, reboiler duty, lean amine makeup,
and steam extraction for DHN. The comparative analysis presented in Table 4.7 shows that the relative
differences in stream flow rates between Aspen Plus and Ebsilon in an acceptable range of 0.27% to 3.61%.
The differences in mass flow rates indicate that the reaction kinetics and two-phase mass transfer slightly
affect flow rate. Despite this, the strong correlation in flow data confirms the accuracy of Ebsilon PCCS
model results and its suitability. The alignment confirms that the thermodynamic modelling approach used
in Ebsilon is sufficient for simulating COy capture and the overall process behaviour of PCCS, especially

when supported by calibrated data from a rate-based model like Aspen Plus.

Table 4.7: Comparision of mass flow rate (kg/s) of crucial streams of PCCS obtained from Ebsilon

Professional and Aspen Plus model

Stream No. Ebsilon Professional ~Aspen Plus Relative Difference (%)
Flue gas at absorber i/l 266.9 267.67 0.27
Treated flue gas 253.8 262.96 3.61
Rich amine at absorber o/1 149.8 145.28 3.02
Lean amine to storage tank 136.57 134.63 1.42
Lean amine at absorber i/l 136.68 134.63 1.5
Rich amine at stripper i/l 149.85 145.28 3.05
Lean amine at stripper o/1 127.16 126.88 0.22
CO3 vapour at stripper o/l 22.68 23.34 291
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4.5 Modelling of CCGT integrated with PCCS

The validation and benchmarking of CCGT and PCCS models makes the model more reliable for the
continued use of the developed model for further analysis. The model outputs are closely aligned with
real-world data, making it possible to modify the developed model. The developed PCCS model has
the advantage of possible integration with various types of power plants to analyse the behaviour with
different setups. The developed CCGT and PCCS models in Figure 4.3 and Figure 4.5 are connected by
directing flue gases from the CCGT outlet to the PCCS inlet as shown in Figure 4.8.
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Figure 4.8: Integrated model of CCGT and PCCS in Ebsilon [131].

To assess the potential for achieving negative emissions, the PCCS is operated under varying load
conditions by diverting a portion of flue gas flow directly to the atmosphere. This approach enables the
CCGT to maintain full operation while adjusting the PCCS load as needed. To evaluate the performance
of CCGT integrated with PCCS, Na-rich fuel is used in the CCGT model. Flue gas at full load condition is
passed to the PCCS to perform COg capture. The performance results of PCCS with MEA are compared
with AMP-PZ solvent as shown in Table 4.8.

Table 4.8: Performance results of CCGT using Na-rich fuel integrated with PCCS using MEA and AMP-PZ

solvents at full load condition

Parameter Unit CCGT with PCCS
using MEA  using AMP-PZ
Gross energy output % 62.5 62.61
Net energy output % 43.62 43.75
Net electricity generation MW 115.21 115.5
Heat supplied to DHN ~ MW 34 34
COq captured kg/s 13.68 13.68
Lean amine flow kg/s 142.12 142.17
Rich amine flow kg/s 155.8 155.86
Steam flow o reboiler kg/s 24.8 24.1
Own power consumption MW 24.77 24.77
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As previously mentioned, AMP-PZ requires less steam for regeneration than MEA, which impacts the
overall operation of CCGT. Even while maintaining a 34 MW heat supply to the DHN in both scenarios,
the performance of CCGT has slightly declined when operating with PCCS using MEA. The slightly higher
steam demand for MEA regeneration reduces both the overall power output and efficiency of the CCGT
compared to AMP-PZ. In addition to this, the COy capture flow rate and internal power consumption
remain the same in both cases. Similar to the assessed case of using N»-rich fuel in CCGT, the operational
assessment of CCGT using different fuels and mixture of fuels, and PCCS using MEA and AMP-PZ are
performed in this study.
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Chapter 5

Results & discussions of the

thermodynamic analysis

5.1 Evaluation of different gas fuel properties, its mixtures, and impact

on combustion in industrial gas turbines and HRSG

To achieve negative CO5 emission from the selected reference case power plant using syngas obtained
from sewage sludge, the syngas is mixed with methane and N3 rich fuel, as the composition provided in
Table 2.1. Upon analysing overall fuel consumption of gas turbine model, the proportion of syngas in the
mixture is regulated by mixing syngas with the other gas fuels in different proportions such as 25%, 50%
and 75%. As fuel mixture ratios vary as shown in Figure 5.1 for methane with syngas and Figure 5.2 N3 rich
gas with syngas respectively, properties such as composition, combustion characteristics and LHV change
accordingly. Blended fuels with different proportions of syngas are used in the gas turbine model at 30
bar and 25°C. Based on the LHV of the fuels and the flue gas flow rate, the model calculates the necessary
mass flow rates of fuel and air required to achieve the total power generation by the turbines. Figure 5.3
& Figure 5.4 shows the required mass flow rate of the blended fuels for methane and N3 rich in syngas,
respectively, used in a CCGT gas turbine. With higher proportions of syngas, the LHV of the fuel decreases
due to the CO3 present in syngas, which reduces the energy content. In this case, syngas consist of a CO3
content and a lower LHV among the fuels used, the LHV decreases with an increase in CO3 content in the
fuel when the proportion of syngas increases in the blended fuel.

After the combustion of fuels and blend of fuels in gas turbines, the composition of flue gases produced
varies as shown in Table 5.1 for fuels methane, Ny-rich natural gas, and syngas fuels. Syngas combustion
results in flue gas with higher CO4 levels, due to the initial COg content in the syngas itself. At the gas
turbine outlet, the flue gas reaches a temperature of 553°C and 1.02 bar pressure. Regardless of the fuels
and blended fuels used in gas turbines, the behaviour of gas turbines remains the same, and the flue gases
produced from the turbines are 268.6 kg/s for all cases. The exhaust of both turbines is directed to the
HRSGs, where the remaining energy from the flue gases is utilized to generate steam for further power
production. This utilization of heat in flue gas increases the overall efficiency of the CCGT system by

producing more power with low emissions. Similarly to single-fuel modelling, blend fuel mixtures are
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analysed to determine the composition of the flue gas and CO5 emissions. The flue gases produced from

the blended fuels have properties similar to those of single fuels in terms of temperature, pressure, and

mass flow at the turbine outlet.
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Figure 5.1: Change in composition of methane fuel mixed with syngas at different proportions.

100

75

50

Fuel content, %

25

0% 25% 50% 75% 100%
% of N2-rich fuel mixture with syngas

Figure 5.2: Change in composition of Ny-rich gas mixed with syngas at different proportions.

The CO; produced from syngas combustion is higher compared to all fuels used, which is considered as
‘negative COy emission’ due to the use of sewage sludge and capturing CO5 produced from syngas. Hence,
the mixing of syngas with fossil gas fuels reduces the overall emissions produced by the blended fuels. The

performance of PCCS and CCGT is measured by passing flue gases to PCCS under different load conditions,
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Figure 5.3: Flow rate of methane and syngas blended fuels at different proportions used in one gas turbine.
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Figure 5.4: Flow rate of Na-rich gas and syngas blended fuels at different proportions used in one gas

turbine.
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Table 5.1: Detailed composition of the exhaust gas from the SGT-800 turbine determined with Ebsilon (10
ppmv dry level, 15% Os)

Component Molecular formula Methane Ny-rich gas Syngas

mass% molar% mass% molar% mass% molar%

Nitrogen No 74.3274 75.1939 75.0942 76.0611 71.6727 72.8608
Oxygen Oq 14.7585 13.0711 14.0323 12.4427 14.6017 12.9949
Argon Ar 0.4314 03059 04165  0.2958  0.4152 0.296
Water vapour H>O 5.0355  7.9213  4.7927  7.5485 5.6072  8.8637
Carbon dioxide COq 5.4456  3.5067  5.6622  3.6507 7.7016  4.9836
Nitrogen oxides NO, 0.0016  0.0011 0.0018  0.0012  0.0016 0.001

from 50% to 100%. Changing the load conditions in PCCS, the CO2 content at the inlet of the PCCS varies
depending on the fuel used in gas turbines. Figure 5.5 illustrates the CO5 flow rate at the inlet of the PCCS

in varying flue gas load conditions from different fuels and blended fuels used in gas turbines [131].
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Figure 5.5: CO9 at the inlet of PCCS when operated in different load conditions [131].

Methane and syngas were selected to evaluate the thermodynamic performance of one HRSG of the
reference case CCGT because of their greater difference in LHV. The analysis for one HRSG applies to
the other HRSG, as both have same boundary conditions and geometrical configurations. The analysis is
performed by calculating various thermodynamic properties such as the enthalpy of flue gases at different
stages, the rate of heat exchange, LMTD and heat distribution between HRSG components, using equations

Equation (3.24) - Equation (3.28). Using the developed CCGT model, the gas turbine produces a constant
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power output of 50.5 MW when using fuel flow rates of 2.64 kg/s for methane and 7.572 kg/s for syngas,
with airflow rates of 131.66 kg/s and 126.73 kg/s, respectively. The exhaust gases produced from the
combustion of these fuels are utilized by HRSG by transferring heat to water and converting it into HP and
LP steam. Due to constant pressure drops given to HRSG components, pressure differences between inlet
and outlet remained the same for both fuels, although temperature variations were observed at component
inlets and outlets. The heat exchange rate of the components varies depending on the flow and temperature

of the stream mass as shown in Figure 5.6 and calculated LMTD as shown in Table 5.2 [95].
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Figure 5.6: Variation in Rate of heat exchange of each component of HRSG with flue gases from methane

and syngas [95].

Table 5.2: Calculated LMTD of the components of HRSG with reference to Figure 4.2 [95]

HRSG components LMTD (°C)
Methane Syngas

HP ECO 36.5 37.8
HP EVP 76.9 78.7
HP SH 96.8 97
LP ECO 14.45 14.65
LP EVA 33.02 33.7
LP SH 67.3 67.3

The evaporator has the highest heat exchange rate in both HP and LP levels, followed by the superheaters of
all components. The 9 MW heat exchange rate in DHN economizer shows the efficiency and effectiveness

of HRSGs, improving the overall efficiency of the power plant. The LMTD values are higher in HP

N. Subramanian Thermodynamic modelling of modern low-emission power units with a gas turbine



5. Results & discussions of the thermodynamic analysis 64

superheater with 96.8°C and 97°C and lower in 14.45°C and 14.65°C in LP economizer for methane and
syngas fuels, respectively. Based on the composition and temperature of the flue gas, the enthalpy values
for various stages of HRSG referring to Figure 4.2 were calculated as illustrated in Figure 5.7 & Figure 5.8.
Asnoted in the figures, with various heat exchange rates of HRSG components, the temperature differences
using methane and syngas fuels are very slight. Despite the use of fuels with different LHV, the presence of
high Ny and low CO2 in methane flue gas compromised the temperature variations of syngas flue gas with
low Ng and high CO3 content, resulting in similar enthalpy values at various stages of HRSG. Therefore,
the performance of HRSGs in CCGT remains the same regardless of the fuel used, which can be observed
from Figure 5.9 for methane and & Figure 5.10 for syngas showing the temperature distribution throughout
the HRSG [95].

From the calculated steam and flue gas temperature, the HRSG pinch point when using methane and syngas
is estimated to be 23.1°C and 24.16°C respectively. The addition of DHN changes the overall temperature
profile of HRSG by reducing the flue gas temperature at the exit of HRSG to 81°C. The improvement in
DHN economizer heat exchange rate and the lower flue gas temperature at the HRSG exit is due to the
additional heat extraction by DHN, which leads to the pinch point.
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Figure 5.7: Enthalpy of flue gas from methane at various stages of HRSG temperature points referred to

Figure 4.2 [95].
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Figure 5.8: Enthalpy of flue gas from syngas at various stages of HRSG temperature points referred to

Figure 4.2 [95].
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Figure 5.9: Heat distribution in HRSG with flue gas from methane fuel [95].
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Figure 5.10: Heat distribution in HRSG with flue gas from syngas fuel [95].

5.2 Results of CCGT integrated with PCCS using different solvents

The fuel and flue gas analysis in the reference case CCGT shows that the overall behaviour of gas
turbines and HRSGs remains unchanged regardless of the use of single and blended fuels. The use of
different fuels has slight impacts on the temperature profile of the HRSG and more impact on the CO3
emission produced, depending upon the fuel. In this system, the steam power generation, heat supply to
DHN and steam extraction for amine regeneration in PCCS are in thermal equilibrium. Since the steam
for solvent regeneration and DHN water heating is taken from the LP steam turbine extract, it impacts
the steam cycle power and overall power generation. Steam extraction for various uses makes less steam
available in the steam cycle for power generation. This extraction depends on the CO5 produced from the
fuel, type of amine used for PCCS, amine regeneration rate, and DHN heat demand. Lower heat demand
and low amine regeneration rate consume less steam extraction. The balance of the system is explained in
detail for PCCS operation at full load conditions and varying load conditions with input of CO2 content

given to PCCS as referred to in Figure 5.5.

5.2.1 Performance of CCGT using different fuels with PCCS operation at full load

condition

To make better comparisons between gas fuels and solvents used in this process, the gross power
generation of CCGT is maintained between 130 MW and 131 MW by adjusting the heat supplied to DHN.

The extraction in the PCCS cannot be adjusted as it must meet the specific regeneration requirements of
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the PCCS configuration. Parameters considered crucial for analysing the thermal balance of CCGT such
as gross power generation, steam cycle power generation and DHN heat supply are measured. Due to
the reasons for avoiding CHP’s operational inefficiency, improving fuel efficiency, reducing condenser
operational load and HRSG’s steam production configuration, the heat supply to DHN is limited between
28 MW to 54 MW. Exceeding or reducing the limit causes an imbalance in the system. Although 54 MW of
heat is supplied to DHN without PCCS condition, after integration with PCCS and required steam supplied
to its operation, the heat supply to DHN is adjusted between 28 MW to 36 MW to maintain the gross power
generation. For both PCCS operations with MEA and AMP-PZ, the same heat transfer rate to DHN is used
as in Figure 5.11. Due to steam extraction in DHN and PCCS that affect the power generation of the steam

cycle as in Figure 5.12, variations in gross power generation are observed when using different fuels[131].

40 | " 1 " 1 L 1
] Methane
35 - - N,-rich gas

28

(08
[}
|

28

[\ [\
(e} (V)]
1 |

DHN heat rate, MW
7S
1
T

25% 50% 75% No Syngas

% of fuel mixture with syngas

Figure 5.11: Performance of DHN of CCGT when operating PCCS at full load condition [131].

For the given condition, the DHN heat supply using methane and various proportions of methane blended
with syngas is higher compared to Ny-rich fuel and its blend with syngas. This is due to the high LHV
of methane fuel and the lower CO3 emission produced by methane, which requires less steam for amine
regeneration and more steam to maintain the nominal power generation and heat supply to DHN. As the
proportion of syngas increases in blend fuel, the COy emission increases causing more supply of steam
to PCCS. Hence, at 75% of syngas mixture with fuels, 28 MW of heat is supplied to the DHN with the
lowest power generation rate. Following changes in DHN heat supply, the variations in CCGT gross power
generation using different fuels and blended fuels integrated with PCCS operated in full load condition
using MEA and AMP-PZ solvents are shown in Figure 5.13 and Figure 5.14, respectively. As observed with
both solvents, the steam cycle power generation is lower when using fuels with no syngas compared to a

75% or 50% syngas mixture. Due to the higher heat supply to the DHN in the no syngas condition, a large
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amount of steam is directed to the DHN heat exchanger, reducing the power generation in the steam cycle

compared using other fuel composition.
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Figure 5.12: Power generation in steam cycle of CCGT when operating PCCS at full load condition.
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Figure 5.13: Gross power generation by CCGT using different fuel mixtures and treating flue gases in PCCS
using MEA [131].
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Figure 5.14: Gross power generation by CCGT using different fuel mixtures and treating flue gases in PCCS
using AMP-PZ [131].
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Figure 5.15: Steam requirement by PCCS for treating flue gases from different fuels and blended fuels using
MEA and AMP-PZ solvents.

Due to the LHV of methane and Na-rich gas and lower CO5 produced from the fuels, it is possible to achieve
higher power generation and high DHN heat supply using these fuels. The mixing of syngas increases the
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requirement for steam in PCCS, which decreases the DHN heat supply and reduces the generation of steam
cycle power [131]. The AMP-PZ solvent consumes steam for regeneration slightly lower compared to MEA
as shown in Figure 5.15, while treating flue gases from different fuel compositions. This results in increased
steam power production, which improves overall power production when AMP-PZ is used for the same
heat supplied to DHN as while using MEA. Hence, the power generation in CCGT is higher when using
AMP-PZ in PCCS than when using MEA. Figure 5.16 shows the mass flow of lean amine required for the

PCCS process and rich amine at the outlet of the absorber.
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Figure 5.16: Mass flow of lean & rich amine at the inlet and outlet of PCCS absorber when treating flue

gases from different fuels compositions.

5.2.2 Performance of CCGT with PCCS operation at variable PCCS load conditions

While operating PCCS under varying flue gas load conditions, a reduction in steam demand improved
the operations and efficiency of CCGT. However, a larger amount of COs will be emitted into the
atmosphere under reduced load conditions. Despite changes in PCCS flue gas load, the CCGT continues
to operate under full load conditions. The adjustment of flue gas load to PCCS reduced the requirement
of amine mass flow, which lowers the steam requirement for the solvent regeneration process. A similar
method to adjust the DHN heat rate as in Figure 5.17 is used to maintain the gross power generation
between 130 MW and 131 MW for PCCS under different load conditions to treat flue gases of different
fuel compositions using MEA and AMP-PZ. The results obtained for the gross power generation by
PCCS operation under different load conditions using MEA and AMP-PZ are shown in Figure 5.18 and

Figure 5.19. As PCCS load conditions are gradually reduced, more steam becomes available in the steam
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cycle, providing the possibility of supplying to DHN. Therefore, under the PCCS 50% load condition, the

DHN heat supply can reach a maximum of 54 MW by maintaining the gross power generation of more
than 130 MW in the CCGT [131].
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Figure 5.17: Percentage of nominal DHN heat supply when operating PCCS at variable load conditions.
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Figure 5.18: Gross power generation by CCGT using different fuel mixtures and treating flue gases in PCCS
using MEA at variable load conditions.
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Figure 5.19: Gross power generation by CCGT using different fuel mixtures and treating flue gases in PCCS
using AMP-PZ at variable load conditions.

As shown in Figure 5.20 & Figure 5.21 for MEA and AMP-PZ steam consumption for the reboiler,
respectively, the steam consumed during regeneration of AMP-PZ is less than MEA, which increased
the overall performance of the CCGT when PCCS operates with AMP-PZ. Although the PCCS process
with MEA and AMP-PZ delivers a highly efficient CO2 capture, the overall efficiency achieved with
AMP-PZ is high. This efficiency is reflected in the DHN, so for fixed DHN heat supply, AMP-PZ has
an enhanced performance. Figure 5.22 & Figure 5.23 illustrates the mass flow of lean required for PCCS
process of treating flue gases from different fuel compositions under different load conditions [131]. The
detailed parameters of PCCS performance using MEA and AMP-PZ are listed in Appendix A & Appendix B

respectively.

5.3 Determination of energetic, environmental and economic effects
in gas power plant during electricity and heat production with

COs-neutral fuels and CCS installation

Based on the development of model and performance analysis of CCGT integrated with PCCS, the
various parameters are estimated for the analysis. The analysis of CCGT performance varies when using
different compositions of gas fuels and when operating PCCS under different flue gas load conditions using
different solvents. Key performance indicators such as energy, environmental, and economic indicators
are used to assess the system’s capability to achieve negative COy emissions. Energy indicators show a
detailed performance measure and the impacts of using different fuel compositions and performing carbon

capture process under various load conditions. Environmental indicators focus on assessing the emissions
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Figure 5.20: Steam consumed by PCCS reboiler for MEA solvent regeneration [131].
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Figure 5.21: Steam consumed by PCCS reboiler for AMP-PZ solvent regeneration [131].

factors including CO3 capture rate and the impact on power generation while using capture process.

Economic indicators provide a detailed understanding about the costs and revenue of operating CCGT

with PCCS, which measures key factors such as fuel consumption costs, construction costs, operational

and maintenance costs and income from power generation and heat supply.
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Figure 5.22: Mass flow of lean MEA required for PCCS process of treating flue gases from different fuel

compositions at different load conditions [131].
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Figure 5.23: Mass flow of lean AMP-PZ required for PCCS process of treating flue gases from different fuel

compositions at different load conditions [131].
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5.3.1 Energy indicators

Various thermodynamic properties of CCGT using different fuel compositions and the impacts of
integrating with PCCS and performing flue gas treatment using two different solvents are measured and
investigated. This study shows that the performance of CCGT depends on the fuel used in gas turbines
as well as the amine used in PCCS. The LHV of the fuel and the emission produced from the combustion
of fuel combined with steam and electrical production to satisfy the DHN and PCCS operations affect the
performance of the CCGT. As the flue gas load to the PCCS increases, both gross and net efficiencies of
the CCGT decrease. This decrease in results is also associated with an increase in proportion of syngas
in the fuel mixture as illustrated in Figure 5.24 and Figure 5.25, which shows gross and net efficiency
differences for different fuel compositions with treating flue gases using MEA and AMP-PZ respectively
under variable load conditions. When analysing the efficiency differences between solvents, it is observed
that the gross energy efficiency of CCGT varies between 60% to 70.7%, while net energy efficiency varies
from 49.3% to 50.3%, depending on both the fuel composition and the solvent used in PCCS. Eventhough
both MEA and AMP-PZ solvents made an impact on performance of CCGT, the overall efficiency with the
AMP-PZ solvent is higher compared with the MEA solvent. This higher efficiency is due to the requirement
of AMP-PZ of a less steam to perform the reboiler heat duty. The methane-syngas blend performs better
compared to Np-rich fuel mixture, due to its LHV. The 25% Na-rich gas mix with syngas has the lowest
performance due to its high COg emission and low calorific value among the fuel compositions used.
Figure 5.26 & Figure 5.27 shows the net power output calculated from the gross power generation and the
own power consumption of the CCGT and PCCS using MEA and AMP-PZ, respectively. Slight fluctuations
were noted in Figure 5.28 & Figure 5.290f own power consumption of power plant with PCCS, which affect
the net efficiency and power output. These fluctuations are due to an adjustment of the steam flow rates
by the model considering the amine outlet temperature in the reboiler depending on the amine used. To
optimize heat transfer rate in PCCS reboiler, the model regulates steam flow according to the content,

mass flow and temperature of rich solvent considering the thermodynamic properties [131].

A certain amount of steam extraction for amine regeneration caused a decline in net power generation.
Since steam extraction to DHN is mandatory in the case analysed, the power reduction due to steam
extraction to PCCS is calculated with the gross power output of CCGT without PCCS and the gross power
output of CCGT with PCCS. As described in the performance of the integrated CCGT with PCCS, AMP-PZ
regeneration consumes less steam than MEA. Hence, the power reduction due to steam extraction when
using MEA as in Figure 5.30 is higher compared to AMP-PZ as in Figure 5.31. In CCGT without steam
extraction, the power reduction is calculated only considering the net power produced by CCGT and the
power consumed by the equipment of CCGT. For MEA, the steam cycle power reduction ranges from 8
MW to 5.5 MW for methane mixture fuels and from 9.1 MW to 5.7 for Na-rich gas mixtures. In case of
AMP-PZ, the steam power reduction ranges from 7.7 MW to 5.3 MW for methane mixture fuels and from
8.7 MW to 5.5 MW for Na-rich gas mixture fuels.

Due to steam extraction and power supply to PCCS, the EOP of CCGT varies according to the flue gas
load conditions as in Figure 5.32 & Figure 5.33 for PCCS using MEA and AMP-PZ, respectively. The EOP

increases with an increase in the load conditions of PCCS, which shows that more than the required amount
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Figure 5.24: Gross & Net energy efficiency of CCGT using different fuel mixtures and treating flue gases
in PCCS using MEA at variable load conditions [131].
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Figure 5.25: Gross & Net energy efficiency of CCGT using different fuel mixtures and treating flue gases
in PCCS using AMP-PZ at variable load conditions [131].

of energy is spent on PCCS during reduced load conditions, increasing power output and EOP causing

operational inefficiency.
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Figure 5.26: Net power generation in CCGT using different fuel mixtures and treating flue gases in PCCS

using MEA at variable load conditions.
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Figure 5.27: Net power generation in CCGT using different fuel mixtures and treating flue gases in PCCS

using AMP-PZ at variable load conditions.
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Figure 5.28: Own power consumption of CCGT using different fuel mixtures and flue gases in PCCS using

MEA at variable load conditions [131].
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Figure 5.29: Own power consumption of CCGT using different fuel mixtures and flue gases in PCCS using

AMP-PZ at variable load conditions [131].
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Figure 5.30: Power reduction in CCGT due to steam extraction for MEA regeneration in PCCS.
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Figure 5.31: Power reduction in CCGT due to steam extraction for AMP-PZ regeneration in PCCS.
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5.3.2 Environmental indicators
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Environmental indicators are necessary for evaluating the performance of a CCGT integrated with

PCCS, which provides a detailed assessment of environmental impact of the system. These indicators are

useful for calculating carbon emissions reduction, energy penalties, and efficiency losses, which provides

the possibility of achieving the negative CO2 emission efficiently. While specific emissions show the
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Figure 5.32: Efficiency output penalty of CCGT using different fuels and operating PCCS using MEA.
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Figure 5.33: Efficiency output penalty of CCGT using different fuels and operating PCCS using AMP-PZ.

amount of COy emitted per kWh of power produced by the CCGT, relative emissivity compares the
emission performance of a reference power plant. Figure 5.34 & Figure 5.35 show the specific emissions
and relative emissivity respectively for the reference CCGT operating with different fuel compositions

integrated with PCCS using solvents under variable load conditions [131].

Due to minor differences in power production when using MEA and AMP-PZ solvents, the specific

emissions and relative emissivity remain the same for both cases. However, as power production in
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Figure 5.34: Specific emission of reference case CCGT using different compositions of fuels and integrated

with PCCS using solvents operating at different load conditions [131].
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Figure 5.35: Relative emissivity of reference case CCGT using different compositions of fuels and integrated

with PCCS using solvents operating at different load conditions [131].

the steam cycle increases under variable PCCS load conditions, the COy emitted into the atmosphere

also increases with load, increasing specific emissions and relative emissivity. This indicates that PCCS
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consumes more energy and steam than required, which shows inefficiency in energy utilisation. Hence,
the utilisation of PCCS at its maximum capacity provides higher energy efficiency than variable load
conditions. Compared with relative emissivity, CCGT without PCCS shows higher emissivity, which is
the expected outcome due to lack of emission control. In this case, the flue gases of methane and its blends
show better performance compared to Na-rich fuel blends, as specific emissions and relative emissivity are
lower. Since the CO; capture rate is constant in PCCS, the CCR for variable load conditions remains the
same for all fuel compositions used. COy emission index calculated with generated CO3 and heat input
by fuel for all fuels used in the CCGT as in Figure 5.36 shows the increase in the use of energy by PCCS
according to the fuel used. An increase in the proportion of syngas in the fuel increases the CO; intensity
of flue gas produced, which increases the COy emission index. Regardless of the changes in PCCS load,

the emission index remains the same for the fuel used.
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Figure 5.36: CO5 emission index of CCGT using different fuel compositions integrated with PCCS.

Since PCCS has a COy removal efficiency of 90%, COgy captured and CO5 emitted as in Figure 5.37 &
Figure 5.38 are the same under different CCR for both solvents used. The higher value of CO3 captured
under full load conditions indicates that the PCCS operates efficiently by reducing emissions under energy
penalties. The integration of HRSG and DHN with CCGT improved the amount of CO2 avoided by
eliminating the need for auxiliary fuel to supply steam to DHN and PCCS. The increase in CO3 avoided as
in Figure 5.39 shows that the HRSG optimizes the steam to both the PCCS and DHN as well as effective CO4
capture is performed in the PCCS. As the energy penalty is a consequence of this high performance in CO5
capture, reducing emissions is an important factor to consider in this process. Figure 5.40 illustrates the
calculated SPECCA of CCGT using different composition of fuels. The SPECCA values for 100% methane
and Np-rich natural gas are higher than those for syngas-blended fuels. The SPECCA decreases with
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an increase in the proportion of syngas gas in fuel, indicating that the primary energy consumption
for the capture process has reduced with CO2 emission and an increase in energy efficiency. At full
load conditions, the SPECCA for fuels with varying syngas compositions ranges from 1.39 kWh/kgCO,
to 1.11 kWh/kgCO3. When blended fuels were introduced, the SPECCA dropped to values from 0.99
kWh/kgCO3 to 0.62 kWh/kgCO», depending on the specific fuel mixture. These results show the efficiency

improvements achieved by introducing syngas into the fuel blend.
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Figure 5.37: Change in captured CO3 in gCO2/kWH according to the carbon capture rate of PCCS.

After COy captured in PCCS as in Figure 5.41, the CO2 emission as in Figure 5.42 [131] for the given
reference case CCGT with PCCS is estimated by reducing the content of CO3 in syngas and CO captured
in PCCS from the generated CO from fuel combustion. This means that the emission is reduced with an
increase in the syngas composition in the fuel.

However, under partial load conditions such as 50% and 60%, negative CO2 emissions were not achieved.
This limitation occurs due to only a portion of the flue gases are processed by PCCS and the rest are
passed into the atmosphere. At full load and 90% load conditions, the system shows promising potential
for achieving negative CO2 emissions, except when using 100% fossil fuels and methane mixture with
25% syngas. Moreover, the comparison between methane mixtures and Na-rich mixtures shows that the
Na-rich gas performs better in achieving negative COy emissions when blended with syngas. This is due

to the share of COy produced from the fuel being higher from syngas in Na-rich mix.

5.3.3 Economic indicators

Economic indicators are essential to evaluate the performance of CCGT with and without PCCS,

such as emissions, energy generation, and electricity production, assessment of financial feasibility, and
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Figure 5.38: CO2 emitted in gCO2/kWH according to the carbon capture rate of PCCS.
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Figure 5.39: CO; avoided in gCO2/kWH according to the carbon capture rate of PCCS.

influence of prices from the energy market on power plant operations. This ensures cost efficiency in

achieving negative carbon emissions from the reference CCGT system. From the CO2 emission analysis,

it is apparent that operating PCCS under full load conditions offers the potential to achieve negative CO,

emissions. Taking this into account, the SPECCA is calculated for CCGT systems using different fuel
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Figure 5.40: Specific Primary Energy Consumption for COy Avoided of CCGT using different fuel
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Figure 5.41: Percentage of nominal CO; capture rate in PCCS operated in different load condition [131].

compositions and integrated with PCCS under full load conditions, as illustrated in Table 5.3. SPECCA
is calculated using Equation (3.58) with a primary energy cost of 0.1769 €/kWh referred from [135]. The

calculated SPECCA cost analysis shows variations based on fuel composition. For CCGT systems using
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Figure 5.42: CO; emission from the reference case CCGT using different fuel compositions and integrated

with PCCS [131].

100% fossil fuels, the SPECCA cost for methane is calculated to be 202.53 €/t-COy and 196.42 €/t-COs for
No-rich gas. When syngas is blended with fossil fuels, the cost of SPECCA gradually decreases as the
proportion of syngas increases in the fuel mix. The cost of SPECCA for blended fuels ranges from 159.43
€/t-COq to 132.16 €/t-CO2, showing cost reductions compared to fossil fuel use. This shows that a lower
primary energy is required for the carbon capture process with reduced operational costs, which improves
the energy efficiency and economic viability of the PCCS. These results emphasize the potential of using

syngas as a fuel to improve the performance and cost effectiveness of CCGT systems integrated with PCCS.

Table 5.3: SPECCA cost analysis for CCGT with PCCS at full load condition

Fuel composition SPECCA, €/t-COo
Methane 100% 202.53
Methane 75% + 25% syngas 159.43
Methane 50% + 50% syngas 151.59
Methane 25% + 75% syngas 146.68
No-rich gas 100% 196.42
Na-rich gas 75% + 25% syngas 151.99
Ny-rich gas 50% + 50% syngas 132.30
Na-rich gas 25% + 75% syngas 132.16
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The assumptions for calculating the LCOE for a CCGT integrated with PCCS were determined as part of the
POLNOR project on the 'Negative CO2 Power Plant’. The LCOE for CCGT without PCCS and with PCCS
using MEA and AMP-PZ are calculated as in Table 5.4. The assumptions are considered for an operational
lifetime of 25 years of CCGT with an annual operation of 8000 hours, a real discount rate of 7% referred to
from [136]. The annual CCGT fuel price is already included in the O& M cost considered for the calculation.
With the assumed data and using Equation (3.59), the LCOE for CCGT without PCCS is estimated to be
€64.33/MWh. When included with PCCS, the calculated LCOE is €91/MWh and €95/MWh for MEA and
AMP-PZ, respectively [137]. For the real discount rate considered, the calculated LCOE of CCGT is aligned
with the projected LCOE sensitivity of IEA [138], which states the stability and competitiveness of the
cost of CCGT at a high discount rate. This LCOE highlights the economic feasibility of integrating PCCS
technology with CCGT systems.

Table 5.4: Assumptions and calculated LCOE for CCGT with and without PCCS [137]

without with PCCS with PCCS using
Parameter Unit
PCCS using MEA  AMP-PZ
Capital construction costs ~ Mé€/year 22.3 41.5 37.7
O&M cost M¢€/year 54.29 64 94.25
LCOE €/MWh 64.33 91 95

Based on the electricity output, heat supply and emission from the power plant, the revenue and expenses
of the power plant are calculated. To calculate the income from electricity sales and heat sales of the
CCGT using different fuels, the market price of electricity sales is 234.37 PLN/MWh referred from Polskie
Sieci Elektroenergetyczne [139] and heat supply price from CHP is 15.95 PLN/GJ referred from Polish
Energy Regulatory Office [140]. Figure 5.43 & Figure 5.44 show the income from electricity sales and
heat sales from the CCGT using different fuel compositions and integrated with PCCS using different load
conditions. When CCGT is operated without integration of PCCS, it generates an electricity output of
128.43 MW, which is supplied to the grid, along with a heat output of 54 MW to the DHN. Therefore, the
income generated by the CCGT without PCCS is 94,041.58 PLN/h from electricity sales and 2,264.25 PLN/h
from heat sales. When integrated with PCCS, the income from electricity sales ranges from 84,808 PLN/h to
76,094 PLN/h and from heat sales varies between 2,264 PLN/h and 1,174 PLN/h, depending on the fuel type
and PCCS load conditions. As described previously, during the low load condition, more steam is utilized
in the steam cycle, which increases the electricity output from the CHP and increased heat production for
DHN, which results in higher income for the CCGT. However, this has a risk of emitting higher levels of
COs into the atmosphere. The cost of CO3 emissions of CCGT is included into this analysis. The emission
cost calculated as in Figure 5.45 using a CO3 price of 68.71 €/t-CO3 referenced from [141] varies based on
operational conditions. Without PCCS, CO3 emission costs range from 4,417.28 €/h to 3,618.80 €/h and
with PCCS the costs decrease ranging between 2,069.13 €/h and 51.90 €/h depending on the load and fuel
composition. The emission prices are not applicable for CCGT using fuel mixtures with syngas, which

achieved negative emissions. Thus, the carbon emission prices are reduced or neglected for CCGT when
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integrated with PCCS. The total income of the power plant is calculated after deducting CO2 emission
costs and fuel expenses. In the case of estimating the price of the fuel, it is assumed that the prices of
methane and Ny rich natural gas share the same price category as natural gas. The price of natural gas
is estimated as 234.37 PLN/MWh referred from Towarowa Gielda Energii S.A. gas price [142]. However,
the price estimation for syngas from plasma gasification of sewage sludge remains uncertain due to its
pilot-scale status. Based on these inputs, the total income for CCGT using methane and Ny rich natural

gas is calculated to be 18,705.81 PLN/h and 18,083.16 PLN/h, respectively.
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Figure 5.43: Income from electricity sale of CCGT using different fuel compositions.

5.4 Performance CCGT without DHN with COs-neutral fuels and CCS

installation

An alternative approach was conducted to measure the performance analysis of CCGT without
integration with DHN. In this configuration, the LP steam extraction to DHN was closed and the DHN
economizers in the HRSGs were removed. The modified model as illustrated in Figure 5.46 was integrated
with a developed PCCS and performance was evaluated. For a comparative study, pure methane and
methane blends with syngas in 75% and 50% proportions were used as fuel for CCGT and simulations
were performed. The PCCS results in this approach were consistent with those of the CCGT integrated
with DHN, as the same quantity of flue gas and the CO2 content was treated in the PCCS. However, the
absence of DHN changed the performance of CCGT, as shown in Table 5.5, Table 5.6 & Table 5.7 for using
fuels pure methane 75% methane with syngas and 50% methane with syngas respectively some of the

crucial energy indicators.
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Figure 5.44: Income from heat sale of CCGT using different fuel compositions.
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Figure 5.45: CO9 expenses for CCGT using different fuel compositions as per COy emission price.

Shutting down the steam supply to DHN made additional steam available for power generation, leading
to an increase in the gross power output of the CCGT without DHN compared to the system with DHN.
Despite this, the power reduction due to steam extraction was significantly higher in CCGT without DHN
as shown in Figure 5.47 with the comparison of CCGT with and without DHN using methane mixture fuels.

The higher thermal energy recovery achieved through DHN integration cannot be obtained in PCCS steam
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Figure 5.46: Developed model of CCGT without DHN and steam extraction to PCCS.

Table 5.5: Performance of CCGT using methane integrated with PCCS and without DHN

Parameter Unit 100% 90% 80% 70% 60% 50%
Gross energy efficiency % 50.3 50.71  51.13  51.55  51.97  52.39
Net electricity efficiency % 40.59 4154 4249 4344 4439  45.34
Gross power output MW 132.83 133.93 135.03 136.14 137.24 138.35
Net power output MW 107.18 109.69 112.2 114.71 117.23 119.74
Steam cycle power generation MwW 32.11 3321 3432 3542 36.53  37.63
Steam extraction power reduction MW 11.05 9.95 8.85 7.74 6.64 5.53
EOP kWh/tCO2 530.28 530.24 530.49 530.25 530.24 530.65

extraction, since the thermal energy is completely utilised in the reboiler for solvent regeneration, leaving
no opportunity for thermal energy recovery. The presence of DHN enabled efficient thermal energy
recovery, which contributed to overall system performance. Moreover, the removal of DHN economizers
from HRSGs results in thermal inefficiencies and deficient utilisation of waste heat. Another notable
parameter is the increased EOP, which is higher than the system with DHN. This indicates that the absence
of DHN limits the overall performance of the CCGT.

For the same carbon capture ratio used in the PCCS of CCGT with DHN, the specific emission of the
CCGT without DHN is calculated and compared as illustrated in Figure 5.48. Specific emissions are
calculated based on the CO; emitted and the power generated, showing that CCGT without DHN achieves

lower values compared to the system with DHN. This suggests improved performance in carbon capture
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Table 5.6: Performance of CCGT using 75% methane with syngas integrated with PCCS and without DHN

Parameter Unit 100% 90% 80% 70% 60% 50%
Gross energy efficiency % 50.12  50.55 5098 5143  51.86 52.3
Net electricity efficiency % 4091  41.32 4272 4327 4424 4522
Gross power output MW 132.35 1335 134.65 13581 136.96 138.11
Net power output MW 108.04 109.13 112.81 114.27 116.85 119.42
Steam cycle power generation MwW 31.63 3278 3394 35.09 36.24 37.39
Steam extraction power reduction MW 11.53  10.38 9.23 8.07 6.92 5.77
EOP kWh/tCO2 491.02 521.01 493 52145 521.17 521.95

Table 5.7: Performance of CCGT using 50% methane with syngas integrated with PCCS and without DHN

Parameter Unit 100% 90% 80% 70% 60% 50%
Gross energy efficiency % 49.85 50.31 50.77 51.24 51.7 52.16
Net electricity efficiency % 40.00 41.00 41.89 43.02  44.03  45.04
Gross power output MW 131.64 132.87 134.09 13531 136.53 137.76
Net power output MW 105.61 108.28 110.64 113.61 116.28 118.94
Steam cycle power generation MW 30.92 3215 3337 3459 3582 37.04
Steam extraction power reduction MwW 12.24  11.01 9.79 8.57 7.35 6.12
EOP kWh/tCO2 509.04 508.77 516.32 509.29 508.86 509.34

efficiency and better utilization of steam in PCCS. Despite these differences, the relative emissivity and
CO3 emission index remain the same between both configurations, since the fuel type, heat input, and
PCCS performance in terms of CO; captured and generated are same in both cases. Additionally, slight
differences are observed in CO; captured, emitted, and avoided when comparing the systems. For example,
as shown in Figure 5.49 of COy captured & Figure 5.50 of CO2 emitted and CO2 avoided for CCGT
without DHN, using pure methane the system with DHN achieves 0.1231 gCO2/kWh compared to 0.1228
gCO2/kWh without DHN. This trend continues across different fuel compositions and capture ratios, with
the DHN-integrated system capturing more and emitting less CO2 per kWh. However, under lower load

conditions, the system without DHN shows better performance in CO2 avoided.

For CCGT operating without a DHN configuration, the SPECCA is calculated for various fuel types such
as pure methane, 75% methane blended with syngas, and 50% methane blended with syngas. SPECCA
values were calculated to be 1.34 kWh/kg-CO», 1.15 kWh/kg-CO», and 1.16 kWh/kg-CO> respectively and
SPECCA costs were estimated to be 237.25 €/t-CO», 202.84 €/t-COs, and 204.91 €/t-CO2, which are higher
compared to the configuration with DHN. Without income from heat sales, the income from electricity
sales for CCGT without DHN is shown in Figure 5.51 for different PCCS load conditions. By reducing
carbon costs and fuel expenses, the net income for the CCGT without DHN is calculated as 35,444.76 PLN/h
under no PCCS conditions and 36,282.1 PLN/h under full PCCS load condition, with a net gain of 441.09
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Figure 5.47: Comparison of CCGT parameters with and without DHN using methane blended fuels and
integrated with PCCS at different capture ratio.
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Figure 5.48: Comparison of Specific emission of CCGT with and without DHN using methane blended
fuels and integrated with PCCS at different capture ratio.

PLN/h compared to the DHN-integrated configuration. CCGT without DHN shows better performance
in energy and economic indicators, such as higher electricity sales and net income, except in terms of
thermal energy recovery and SPECCA costs. From an environmental perspective, the DHN-integrated

CCGT remains advantageous due to its higher CO; capture efficiency.
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Figure 5.49: COz captured in g-CO2/kWh in CCGT without DHN using methane blend fuels and integrated
with PCCS at different capture ratio.
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Figure 5.50: CO2 emitted and CO3 avoided in CCGT without DHN using methane blended fuels and
integrated with PCCS at different capture ratio.
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Figure 5.51: Income from electricity sales of CCGT without DHN using methane blended fuels and
integrated with PCCS at different load conditions.

5.5 Opportunities and Limitations

An analysis was conducted to evaluate the feasibility of achieving negative emissions in a CCGT system
operating entirely on syngas, without blending with fossil fuels. The performance of the integrated PCCS
was assessed by gradually reducing its load from 100% to 60%, focusing on energy, environmental, and
economic indicators. Figure 5.52 illustrates the gross and net power generation of the CCGT system using

syngas with different DHN heat supply integrated with PCCS under varying load conditions.

Similar to the economic analysis for blended fuels, the gross power output of the CCGT was maintained
within a range of 130 to 131 MW. However, under PCCS load conditions of 100% and 90%, the steam
extraction for the PCCS reboiler limited the DHN heat supply to 28 MW, reducing the gross power output
to below 130 MW. Therefore, the gross energy efficiency of the CCGT ranged from 59.13% to 66.3%, while
the net power efficiency fluctuated between 38.8% and 42.29% as shown in Figure 5.53. Using syngas as
fuel, the gas turbines consumed a mass flow rate of 15.14 kg/s to maintain power generation. However,
steam extraction from the steam cycle for PCCS reboiler operations, as shown in Figure 5.54, caused power
generation in the steam cycle to vary between 10.21 MW and 7.29 MW, depending on load conditions. The
PCCS power consumption ranged from 16.54 MW at 100% load to 9.93 MW at 60% load. Figure 5.55 presents
the EOP of the CCGT using syngas with DHN integrated with PCCS under varying load conditions, which
ranged from 416.54 to 387.54 kWh/t-CO2. At 80% PCCS load, the EOP reached its lowest value of 371.42
kWh/t-COa,, indicating optimal operating conditions and effective heat integration between the PCCS and

the DHN system. At higher and lower load conditions, the energy consumption increases due to higher
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Figure 5.52: Gross and Net power generation of CCGT using syngas with different DHN heat supply and
integrated with PCCS at different load conditions.

energy demand at full load and reduced heat recovery efficiency at lower loads. These results show that

the CCGT system integrated with PCCS maintains efficient performance.
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Figure 5.53: Gross energy and Net power efficiency of CCGT using syngas with DHN and integrated with
PCCS at different load conditions.
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Figure 5.55: Efficiency output penalty of CCGT using syngas with DHN and integrated with PCCS at

different load conditions.

In the context of BECCS, CO; emissions resulting from the combustion of syngas in CCGT are analyzed

under PCCS in variable load conditions as shown in Figure 5.56. Without PCCS, COy emissions are

estimated at 20.69 kg/s. However, with the integration of PCCS under different load conditions, the
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system achieves negative emissions. This reduces specific emissions and relative emissivity, which are

lower compared to blended fuels as illustrated in Figure 5.57.
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Figure 5.56: CO2 emission from CCGT using syngas integrated with PCCS under different load conditions.
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Figure 5.57: Specific emission and relative emissivity of CCGT using syngas integrated with PCCS under

different load conditions.

In emission analysis, the CCGT system that uses syngas integrated with PCCS under varying load

conditions has a COy capture ratio similar to that of systems using blended fuels, due to the 90% capture
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efficiency of the amine used in PCCS. With a CO5 emission index of 0.0783 g-CO2/k]J and a CO5 emission
level of 0.161 g-CO2/kWh under conditions without PCCS, the CO2 performance indicators for the CCGT

using syngas with PCCS under different load conditions are illustrated in Figure 5.58.
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Figure 5.58: CO3 indicators of CCGT using syngas integrated with PCCS under different load conditions.

The CCGT fueled only with syngas and integrated with PCCS shows better performance under full
load conditions compared to part load conditions in terms of power generation. Negative emissions are
achieved only when syngas is blended with fossil fuels or used as the sole fuel for combustion, combined
with PCCS operation. The potential for achieving negative emissions increases as the proportion of syngas
in the fuel mixture increases. However, increasing the syngas content has certain limitations in terms of
operational and performance conditions. One significant limitation is the high demand for sewage sludge
required for gasification when only syngas is used as fuel. Plasma gasification produces approximately
0.79 kg of syngas from 1 kg of sewage sludge, and the estimated requirement of sewage sludge for the
reference CCGT increases proportionally with the syngas content in the fuel mix, as shown in Table 5.9.
When syngas is mixed with an Na-rich gas, the sludge requirement is more than double compared to a
mixture of methane and syngas. If syngas is used exclusively, the annual demand for the dry mass of
sewage sludge is estimated to be 604,509.36 tons for the proximate and ultimate analysis of sewage sludge

[143] in Table 5.8 respectively.

According to the Polish Central Statistics Office [144], Figure 5.59 illustrates the annual production of
sewage sludge in dry mass from industrial and municipal wastewater treatment plants in Poland between
2010 and 2023. The generated sewage sludge, including incineration, is utilized for various purposes such as
landfills, recycling, and fertilizer production. As of 2023, Poland produced approximately 946.5 thousand.
t.d.s of sewage sludge, which slightly exceeds the amount required for the operation of the reference

CCGT power plant. However, factors such as the various applications of sewage sludge, transportation
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Table 5.8: Proximate and Ultimate analysis of dry mass of sewage sludge considered for the estimation

[143]

Proximate Analysis Ultimate Analysis
Specification Unit  Value | Specification Unit Value
Fixed Carbon % 9.21 Carbon % 27.33

Volatile Matter % 56.94 | Hydrogen % 6.54

Dried material moisture % 2.00 Nitrogen % 4.27

Ash % 31.85 Sulphur % 0.28

Net Heat Value MJ/kg  9.60 Oxygen % 27.72
Gross Heating Value ~ MJ/kg  15.39

Table 5.9: Amount of sewage sludge in dry mass required for syngas production to satisfy the reference

case CCGT operations

Fuel composition Syngas consumption Required syngas Required sewage sludge
kg/s t/year t/year

Methane 75% + syngas 25% 1.58 49725.96 62944.26
Methane 50% + syngas 50% 3.92 123469.75 156290.82
Methane 25% + syngas 75% 7.74 244158.02 309060.78
Na-rich gas 75% + syngas 25% 3.6 113627.99 143832.9
Ny-rich gas 50% + syngas 50% 7.32 230975.97 292374.65
Na-rich gas 25% + syngas 75% 11.17 352219.28 445847.19
Syngas 100% 15.14 477562.39 604509.36

from different regions of Poland, and the conversion process of sludge to syngas limit its availability for
use in the reference CCGT.

Another limitation is the plasma gasification of sewage sludge, which is influenced by the varying
properties of the sewage sludge. Higher moisture levels reduce the lower heating value (LHV) of the syngas
produced. As noted by Zhang et al. [145], improving the LHV of syngas involves pretreatment processes
such as crushing, cracking, drying, preheating, and improving the overall quality of the feedstock. In
addition to the challenges associated with the processing of wastewater sludge, limitations also occur
in the COg capture process. The high operating costs of PCCS integrated with power plants make it
impossible to operate continuously at full load. To mitigate costs, the PCCS is sometimes operated under
partial load conditions. However, fluctuations in the flue gas entering the PCCS disrupt the mass flow of
the solvent and the steam flow to the reboiler, causing instability in the system [146]. At full load, the
steam consumption of the PCCS reboiler reduces the power generation capacity of the CCGT, leading to
decreased electricity export income and increased operational costs. After the capture process, COy must

be transported and stored using various methods, which involves many challenges. Factors such as the
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Figure 5.59: Sewage sludge in dry mass produced from industrial and municipal wastewater treatment

plants in Poland [144].

purity of captured COq, transportation methods, related costs, and the effects of impurities influence the
efficiency of the process. Transportation costs depend heavily on the method, such as pipelines and ships.
Pipelines are most suitable for shorter distances, while ships are preferred for long-distance transport.
These methods are more efficient and environmentally friendly compared to transport by trucks, which
generate additional emissions [147], [148]. Transporting CO2 in liquid form is cost-effective and efficient,
as it requires less volume compared to the gaseous state and avoids the need for thicker pipelines required
for supercritical states to withstand high pressure. However, impurities in the captured CO3 can complicate
transport, in terms of supercritical state with various temperature and pressure requirements, increase
compression costs, and cause corrosion in pipelines. Achieving high COy purity is therefore critical but

adds to the overall cost of the process [149], [150], [151].
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Chapter 6

Summary and Conclusion

A thermodynamic model of a combined cycle gas turbine power plant integrated with a district
heating network and post-combustion carbon capture and storage using a solvent-based method has
been developed. Real-world observations and experimental data are used for input parameters and
model validation. The properties of various fuel compositions, results from the validated model, and key
performance indicators are evaluated. When performing CCGT without PCCS integration, it achieves
net power generation of 143.4 MW and a net efficiency of 54.3% , which aligns with the operational
benchmarks of an SCC-800 2x1 CCGT configuration and the parameters of the Gorzoéw power plant,
validating the model under proposed operational conditions. However, these operating conditions without
COq installation poses a risk of emitting more CO5 into the atmosphere. Similarly, the PCCS model
was validated using pilot-scale PCCS data from the Laziska Power Plant in Poland with a relative error
below 5% and comparing results with Aspen Plus simulation results for benchmarking shows the relative
differences in the range of 0% to 3.61%, confirming its precision. Based on the concept of bioenergy with
carbon capture and storage (BECCS) to achieve negative COy emissions, syngas derived from plasma
gasification of sewage sludge was mixed with fossil fuels such as pure methane and nitrogen-rich natural
gas in different proportions. This validation of the developed thermodynamic model shows the reliability
of results from further modifications of the model within the thermodynamic constraints. Due to the
properties of the gas turbine model, the gas turbine increases or decreases the fuel and air flow according
to LHV to maintain constant power generation. Hence, regardless of the fuel used, the power generation
of the gas cycle remains constant. However, increasing the proportion of syngas in the fuel leads to an

increase in the fuel mass flow rate and CO2 concentration in the flue gases.

The analysis of flue gases passing through various stages of the HRSG shows that, under the specified
boundary conditions, the enthalpy changes in the flue gases remain relatively the same across different
fuels. Due to this, the heat transfer rates of the HRSG components at various pressure levels are nearly
the same regardless of the fuel type used in the gas turbine, with the highest in the HP evaporator and the
lowest in the LP economiser. As a result, when using different fuels, only minor differences are observed
in the LMTD and the heat distribution between HRSG components and the HP steam temperature of
510°C and LP steam temperature of 277°C at the HRSG outlet remain constant. Given the variability in

fuel compositions, maintaining steady operational performance in HRSG steam production is crucial to
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ensuring the stability of the system. However, steam power generation is relayed upon stream extraction
for DHN heat supply and PCCS solvent regeneration. These systems are observed to operate in an
equilibrium state, where changes in the steam flow rate to one system directly affect the other two.
Since steam extraction for PCCS is inevitable, it results in penalties for power generation and DHN heat
supply. Therefore, the overall performance of the integrated CCGT with PCCS is influenced by the CO,
content in the flue gases. Energy performance indicators show that CCGT achieves better efficiency with
methane-rich fuel mixtures. However, increasing the proportion of syngas in the fuel mix increases the
demand for steam, solvent requirements for PCCS, and power consumption in PCCS which in turn reduces
the overall energy efficiency, power output, and DHN heat supply of the CCGT.

The lower reboiler duty of the AMP-PZ solvent compared to that of MEA results in reduced steam
extraction, which improves the performance of the CCGT in terms of energy output and efficiency,
better than that of the MEA-based PCCS system. The improved performance of the AMP-PZ solvent is
reflected in the EOP, with lower values for AMP-PZ indicating enhanced overall efficiency and reduced
operational costs of the power plant. Of the total power consumed by the PCCS from the CCGT, 99.1%
of the power consumed by the CO; handling system and the flue gas blower involved in the COg
capture process. In full load operation, the PCCS consumes 11.2% to 12.4% of the plant’s electricity,
depending on the fuel composition. Under variable load conditions, the reduced flow of CO3 to the
PCCS system decreases the consumption of steam and power, improving the performance of the CCGT. In
scenarios using nitrogen-rich gas fuel mixtures with syngas, the higher COy content in the fuel leads
to a higher CO; emission index compared to methane mixtures. However, despite the higher index,
Ny-rich fuel mixtures resulted in reduced emissions per kWh of electricity output, which makes it suitable
for achieving lower-emission fuel properties. Furthermore, to validate this, the CO2 emission data in
Figure 5.42 shows that the Ny-rich mixture has a greater potential to achieve negative emissions under
PCCS load conditions from 80% to 100%. In contrast, syngas-methane blends must exceed more than
the 50% syngas proportion, and PCCS should be operated under high load conditions to achieve negative
emissions. Even when CCGT performs better with methane-syngas blends, this is limited by low PCCS
load conditions and lower proportions of syngas in case of emissions. Although performance differences
with Na-rich-syngas blends are marginally smaller, these mixtures allow flue gases to be processed
in varying load conditions while still achieving negative emissions and improving plant performance.
However, higher revenues from electricity and DHN heat sales are attained only when the PCCS operates
under low-load conditions. Compromising revenue for low-emission power production still ensures
operational profitability. Excluding DHN from the CCGT system increases power production and revenue
from electricity, but results in reduced thermal energy recovery and waste of sensible heat. The calculated
SPECCA and LCOE values for CCGT configurations with and without PCCS demonstrate a balance
between emission reduction and economic feasibility for the developed reference CCGT case. Hence,
achieving negative COy emissions through the utilization of syngas blended with fossil fuels is possible

and economically viable.
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Appendix A

PCCS parameters for treating flue gases

from different composition of fuels using
MEA

Table A.1: PCCS parameters for treating flue gas from pure methane fuel under different load conditions

using MEA solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%

0 0.885 104.64 268.60 241.70 214.88 188.02 161.16 134.30
1 1.15 137.91 268.60 241.70 214.88 188.02 161.16 134.30
2 1.1 65.40 268.60 241.70 214.88 188.02 161.16 134.30
3 1.05 40.00 266.80 240.12 213.44 186.70 160.08 133.40
4 0.895 40.40 253.07 227.76 202.45 177.14 151.84 126.53
5 0.885 117.39 253.07 227.76  202.45 177.14 151.84 126.53
5a 0.885 105.00 0 26.88  26.86 80.58 53.72 134.30
5b 0.885 117.39 253.07 254.62 229.31 257.73 259.28 260.83
3¢ 1.15 152.23 253.07 254.62 229.31 257.73 205.56 260.83
6 1.00 35.00 198.81 198.81 198.81 198.81 198.81 198.81
7 1.10 35.00 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.68 198.81 198.81 198.81 198.81 198.81 198.81
9 1.05 60.00 156.32 140.68 125.05 109.42 93.79  78.16
10 2.10 60.36 156.32 140.68 125.05 10942 93.79  78.16
11 1.50 70.36 142.47 128.22 11398 99.73 8548  71.30
12 1.01325 70.36 142.59 128.32 114.07 99.42 8555 71.30
13 1.10 70.78 142.59 128.32 114.07 99.42  85.55 71.30
14 1.05 40.00 142.59 128.32 114.07 9942 8555 7130
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Table A.1: PCCS parameters for treating flue gas from pure methane fuel under different load conditions

using MEA solvent

Point Pressure (bar) Temperature (°C)

Mass flow rate (kg/s)

100% 90% 80% 70% 60% 50%
15 2.05 100.00 156.32 140.68 125.05 10942 93.79  78.16
16 1.96 122.00 132.65 11938 106.12 92.85  79.59  66.24
17 1.96 119.57 142.47 128.22 11398 99.72 8548 71.24
18 2.00 120.29 142.47 128.22 11398 99.72  85.48 71.24
19 2.03 122.00 156.32 140.68 125.05 10942 93.79 12.43
20 2.01 125.00 156.32 140.68 125.05 10942 93.79 12.43
21 3.00 135.00 24.87  22.39 19.90 17.41 14.92 12.44
22 2.90 132.37 2487  22.39 19.90 17.41 14.92 12.44
23 1.99 125.00 23.67  21.30 18.93 16.56 14.20 12.44
24 1.96 30.00 13.85 12.46 11.08 9.70 8.31 6.86
25 1.96 30.00 9.82 8.83 7.85 6.87 5.89 6.86
26 7.84 150.45 13.85 8.83 11.08 9.70 8.31 6.86
27 7.79 30.00 13.76 12.38 11.00 9.62 8.25 6.86
28 31.16 150.14 13.76 12.38 11.00 9.62 8.25 6.86
29 31.11 30.00 13.73 12.36 10.99 9.61 8.24 6.86
30 110.05 138.57 13.73 12.36 10.99 9.61 8.24 6.86
31 110.00 22.00 13.73 12.36 10.99 9.61 8.24 6.86

Table A.2: PCCS parameters for treating flue gas

load conditions using MEA solvent

from 75% methane mixture with syngas under different

Point Pressure (bar) Temperature (°C)

Mass flow rate (kg/s)

100% 90% 80% 70% 60% 50%
0 0.885 104.64 268.60 241.70 214.88 188.02 161.16 134.30
1 1.15 137.87 268.60 241.70 214.88 188.02 161.16 134.30
2 1.1 65.40 268.60 241.70 214.88 188.02 161.16 134.30
3 1.05 40 266.80 240.12 213.44 186.70 160.08 133.40
4 0.895 40.40 253.07 227.76  202.45 177.14 151.84 126.53
5 0.885 117.72 253.07 227.76  202.45 177.14 151.84 126.53
5a 0.885 105 0 26.88  26.86 80.58  53.72 134.30
5b 0.885 117.72 253.07 254.62 229.31 257.73 259.28 260.83
5c 1.15 152.57 253.07 254.62 229.31 257.73 205.56 260.83
6 1 35 198.81 198.81 198.81 198.81 198.81 198.81
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Table A.2: PCCS parameters for treating flue gas from 75% methane mixture with syngas under different

load conditions using MEA solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%

7 1.1 35 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.71 198.81 198.81 198.81 198.81 198.81 198.81
9 1.05 60 156.32 140.68 125.05 10942 93.79  78.16
10 2.1 60.36 156.32 140.68 125.05 109.42 93.79  71.30
11 1.5 70.36 142.47 128.22 11398 99.73  85.48  71.23
12 1.01325 70.36 142.59 128.32 114.07 99.42  85.55 71.30
13 1.1 70.78 142.59 128.32 114.07 9942 8555  71.30
14 1.05 40 142.59 128.32 114.07 99.42  85.55 71.30
15 2.05 100 156.32 140.68 125.05 109.42 93.79  78.16
16 1.96 122 132.65 119.38 106.12 9285  79.59  66.32
17 1.96 119.57 142.47 128.22 11398 99.72 8548  71.24
18 2 120.29 142.47 128.22 11398 99.72  85.48 71.24
19 2.03 122 156.32 140.68 125.05 10942 93.79  78.16
20 2.01 125 156.32 140.68 125.05 10942 93.79  78.16
21 3 135.00 24.87  22.39 19.90 17.41 14.92 12.44
22 2.9 132.37 24.87  22.39 19.90 17.41 14.92 12.44
23 1.99 125 23.67  21.30 18.93 16.56 14.20 11.83
24 1.96 30 13.85 12.46 11.08 9.70 8.31 11.83
25 1.96 30 9.82 8.83 7.85 6.87 5.89 491

26 7.84 150.45 13.85 8.83 11.08 9.70 3.31 6.92

27 7.79 30.00 13.76 12.38 11.00 9.62 8.25 6.92

28 31.16 150.14 13.76 12.38 11.00 9.62 8.25 6.88

29 31.11 30 13.73 12.36 10.99 9.61 8.24 6.86

30 110.05 138.57 13.73 12.36 10.99 9.61 8.24 6.86

31 110 22 13.73 12.36 10.99 9.61 8.24 6.86

Table A.3: PCCS parameters for treating flue gas from 50% methane mixture with syngas under different

load conditions using MEA solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%

0 0.885 104.64 268.60 241.74 214.88 188.02 161.16 134.30
1 1.15 137.87 268.60 241.74 214.88 188.02 161.16 134.30
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Table A.3: PCCS parameters for treating flue gas from 50% methane mixture with syngas under different

load conditions using MEA solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)

100% 90% 80% 70% 60% 50%
2 1.1 65.40 269.00 241.74 214.88 188.02 161.16 134.30
3 1.05 40.00 266.53 239.88 213.23 186.57 159.95 133.27
4 0.895 40.40 25196 226.76 201.57 176.37 151.18 125.98
5 0.885 117.72 251.96 226.76 201.57 176.37 151.18 125.98
5a 0.885 105.00 0 26.86 53.72 80.58 107.44 134.30
5b 0.885 117.72 25196 253.62 255.30 256.95 258.62 260.28
5c 1.15 152.57 251.96 253.62 25530 256.95 258.62 260.28
6 1.00 35.00 199.00 198.81 198.81 198.81 198.81 198.81
7 1.10 35.00 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.71 199.00 198.81 198.81 198.81 198.81 198.81
9 1.05 60.00 165.90 149.31 132.72 116.13 99.54 82.95
10 2.10 60.36 16590 149.31 132.72 116.13  99.54 82.95
11 1.50 70.36 151.21 136.19 121.07 105.93 90.80 75.67
12 1.01325 70.36 151.33 136.19 121.07 105.93 90.80 75.67
13 1.10 70.78 151.00 136.19 121.07 105.93 90.80 75.67
14 1.05 40.00 151.00 136.19 121.07 105.93 90.80 75.67
15 2.05 100.00 166.00 149.31 132.72 116.13  99.54 82.95
16 1.96 122.00 140.79 126.70 112.63 98.55 84.47 70.39
17 1.96 119.57 151.21 136.19 121.07 105.93 90.80 75.60
18 2.00 120.29 151.00 136.19 121.07 105.93 90.80 75.60
19 2.03 122.00 166.00 149.31 132.72 116.13 99.54 82.95
20 2.01 125.00 16590 14931 132.72 116.13  99.54 82.95
21 3.00 135.00 26.40 23.76 21.12 18.48 15.84 13.20
22 2.90 132.37 26.00 23.76 21.12 18.48 15.84 13.20
23 1.99 125.00 25.00 22.60 20.10 17.58 15.07 12.55
24 1.96 30.00 15.00 13.22 11.76 10.28 8.82 7.35
25 1.96 30.00 10.42 9.37 8.33 7.29 6.25 5.21
26 7.84 150.45 14.70 13.22 11.76 10.28 8.82 7.35
27 7.79 30.00 14.60 13.13 11.67 10.28 8.75 7.35
28 31.16 150.14 15.00 13.13 11.67 10.28 8.75 7.30
29 31.11 30.00 14.57 13.12 11.66 10.20 8.75 7.29
30 110.05 138.57 15.00 13.12 11.66 10.20 8.75 7.29
31 110.00 22.00 14.57 13.12 11.66 10.20 8.75 7.29
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Table A.4: PCCS parameters for treating flue gas from 25% methane mixture with syngas under different

load conditions using MEA solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%
0 0.885 104.64 268.60 241.74 214.88 188.02 161.16 134.3
1 1.15 137.87 268.60 241.74 214.88 188.02 161.16 134.3
2 1.1 65.40 268.60 241.74 214.88 188.02 161.16 134.3
3 1.05 40 266.10 23949 212.88 186.27 159.66 133.05
4 0.895 40.40 250.15 225.13 200.12 175.1 150.10  125.075
5 0.885 117.72 250.15 225.13 200.12 175.1 150.10  125.075
5a 0.885 105 0 26.86 53.72 80.58 107.44 134.3
5b 0.885 117.72 250.15 25190 253.83 255.68 257.53  259.375
5c 1.15 152.57 250.15 25190 253.83 255.68 257.53  259.375
6 1 35 198.81 198.81 198.81 198.8076 198.81 198.8076
7 1.1 35 198.81 198.81 198.81 198.8076 198.81 198.8076
8 1.05 28.71 198.81 198.81 198.81 198.8076 198.81 198.8076
9 1.05 60 181.59 163.43 145.27 127.12 108.96 90.797
10 2.1 60.36 181.59 163.43 145.27 127.12 108.96 90.797
11 1.5 70.36 165.51 149.08 132.51 115.95 99.38 82.821
12 1.01325 70.36 165.64 149.08 132.51 115.95 99.38 82.821
13 1.1 70.78 165.64 149.08 132.51 115.95 99.38 82.821
14 1.05 40 165.64 149.08 132.51 115.95 99.38 82.821
15 2.05 100 181.59 163.43 145.27 127.12 108.96 90.797
16 1.96 122 154.10 138.69 123.28 107.87 92.46 77.05
17 1.96 119.57 165.51 149.08 132.51 115.95 99.38 82.821
18 2 120.29 165.51 149.08 132.51 115.95 99.38 82.821
19 2.03 122 181.59 163.44 145.27 127.12 108.96 90.797
20 2.01 125 181.59 163.44 145.27 127.12 108.96 90.797
21 3 135.00 28.90 26.01 23.02 20.22 17.34 14.448
22 2.9 132.37 28.90 26.01 23.02 20.22 17.34 14.448
23 1.99 125 2749 2475 21.99 19.25 16.50 13.75
24 1.96 30 16.09 14.48 12.87 11.26 9.65 8.04
25 1.96 30 11.41 10.26 9.12 7.98 6.84 5.7
26 7.84 150.45 16.09 14.48 12.87 11.26 9.65 8.04
27 7.79 30.00 15.98 14.38 12.78 11.26 9.65 7.99
28 31.16 150.14 15.98 14.38 12.78 11.18 9.58 7.99
29 31.11 30 15.95 14.36 12.76 11.17 9.57 7.98
30 110.05 138.57 15.95 14.36 12.76 11.17 9.57 7.98
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Table A.5: PCCS parameters for treating flue gas from Nitrogen rich natural gas under different load

conditions using MEA solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%
0 0.885 104.64 268.60 241.74 214.88 188.02 161.16 134.30
1 1.15 137.94 268.60 241.74 214.88 188.02 161.16 134.30
2 1.1 65.40 268.60 241.74 214.88 188.02 161.16 134.30
3 1.05 40.00 267.66 24090 214.13 187.36 160.60 133.83
4 0.895 40.40 253.98 22858 203.18 177.78 152.39 126.99
5 0.885 116.96 253.98 22858 203.18 177.78 152.39 126.99
5a 0.885 105.00 0.00 26.86 53.72 80.58 107.44 134.30
5b 0.885 116.96 25398 25544 256.90 258.36 259.83 261.29
5c 1.15 151.76 253.98 25544 25690 258.36 259.83 261.29
6 1.00 35.00 198.81 198.81 198.81 198.81 198.81 198.81
7 1.10 35.00 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.65 198.81 198.81 198.81 198.81 198.81 198.81
9 1.05 60.00 155.82 140.23 124.65 109.07 93.49 77.91
10 2.10 60.36 155.82 140.23 124.65 109.07 93.49 77.91
11 1.50 70.36 142.01 127.81 113.61 99.41 85.21 71.01
12 1.01325 70.36 142.13 12791 113.70 99.49 85.28 71.06
13 1.10 70.78 142.13 12791 113.70  99.49 85.28 71.06
14 1.05 40.00 142.13 12791 113.70 99.49 85.28 71.06
15 2.05 100.00 155.82 140.23 124.65 109.07 93.49 77.91
16 1.96 122.00 132.22 119.00 105.78 92.56 79.33 66.11
17 1.96 119.57 142.01 127.81 113.61 9941 85.21 71.01
18 2.00 120.29 142.01 127.81 113.61 9941 85.21 71.01
19 2.03 122.00 155.82 140.23 124.65 109.07 93.49 77.91
20 2.01 125.00 155.82 140.23 124.65 109.07 93.49 77.91
21 3.00 135.00 24.79 22.31 19.84 17.36 14.88 12.40
22 2.90 132.37 24.79 22.31 19.84 17.36 14.88 12.40
23 1.99 125.00 23.59 21.23 18.87 16.51 14.15 11.80
24 1.96 30.00 13.80 12.42 11.04 9.66 8.28 6.90
25 1.96 30.00 9.79 8.81 7.83 6.85 5.87 4.89
26 7.84 150.45 13.80 12.42 11.04 9.66 8.28 6.90
27 7.79 30.00 13.71 12.34 10.97 9.60 8.23 6.86
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Table A.5: PCCS parameters for treating flue gas from Nitrogen rich natural gas under different load

conditions using MEA solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%
28 31.16 150.14 13.71 12.34 10.97 9.60 8.23 6.86
29 31.11 30.00 13.69 12.32 10.95 9.58 8.21 6.84
30 110.05 138.57 13.69 12.32 10.95 9.58 8.21 6.84
31 110.00 22.00 13.69 12.32 10.95 9.58 8.21 6.84

Table A.6: PCCS parameters for treating flue gas from 75% Ny rich gas mixture with syngas under different

load conditions using MEA solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%
0 0.885 104.64 268.60 241.74 214.88 188.02 161.16 134.30
1 1.15 137.88 268.60 241.74 214.88 188.02 161.16 134.30
2 1.1 65.40 268.60 241.74 214.88 188.02 161.16 134.30
3 1.05 40 267.09 240.38 213.67 186.96 160.26 133.55
4 0.895 40.40 252.23 227.00 201.78 176.56 151.34 126.12
5 0.885 117.50 252.23 227.00 201.78 176.56 151.34 126.12
5a 0.885 105 0 26.86 53.72 80.58 107.44 134.30
5b 0.885 117.50 252.23 253.87 255.51 257.14 258.78 260.42
5c 1.15 152.35 252.23 253.87 255.51 257.14 258.78 260.42
6 1 35 198.81 198.81 198.81 198.81 198.81 198.81
7 1.1 35 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.70 198.81 198.81 198.81 198.81 198.81 198.81
9 1.05 60 169.17 152.25 13533 118.42 101.50 84.58
10 2.1 60.17 169.17 152.25 13533 118.42 101.50 84.58
11 1.5 66.52 154.18 138.76 123.35 107.92 92,51 77.09
12 1.01325 66.52 154.31 138.88 123.45 108.02 92.58 77.15
13 1.1 66.92 154.31 138.88 123.45 108.02 92.58 77.15
14 1.05 40 154.31 138.88 123.45 108.02 92.58 77.15
15 2.05 101 169.17 152.25 13533 118.42 101.50 84.58
16 1.96 123 143.56 129.20 114.84 100.50 86.13 77.09
17 1.96 119.57 154.18 138.76 12335 107.92 9251 77.09
18 2 120.29 154.18 138.76 123.35 107.92 92,51 77.09
19 2.03 123 169.17 152.25 13533 118.42 101.50 84.58
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Table A.6: PCCS parameters for treating flue gas from 75% Ny rich gas mixture with syngas under different

load conditions using MEA solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)

100% 90% 80% 70% 60% 50%
20 2.01 125 169.17 152.25 13533 118.42 101.50 84.58
21 3 135.00 26.92 24.23 21.54 18.84 16.15 13.46
22 2.9 132.37 26.92 24.23 21.54 18.84 16.15 13.46
23 1.99 125 25.61 23.05 20.49 17.93 15.37 12.81
24 1.96 30 14.99 13.50 11.99 10.50 15.36 7.49
25 1.96 30 10.63 9.56 8.50 7.44 6.38 5.31
26 7.84 150.45 14.99 13.50 11.99 10.50 8.99 7.49
27 7.79 30.00 14.89 13.40 11.91 10.42 8.93 7.44
28 31.16 150.14 14.89 13.40 11.91 10.42 8.93 7.44
29 31.11 30 14.86 13.38 11.89 10.40 8.92 7.43
30 110.05 138.57 14.86 13.38 11.89 10.40 8.92 7.43
31 110 22 14.86 13.38 11.89 10.40 8.92 7.43

Table A.7: PCCS parameters for treating flue gas from 50% Ny rich gas mixture with syngas under different

load conditions using MEA solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%
0 0.885 104.64 268.60 241.74 214.88 188.02 161.16 134.30
1 1.15 137.82 268.60 241.74 214.88 188.02 161.16 134.30
2 1.10 65.40 269.00 241.74 214.88 188.02 161.16 134.30
3 1.05 40.00 266.50 240.38 213.67 186.96 160.25 133.55
4 0.895 40.40 25043 227.00 201.78 176.56 151.34 126.12
5 0.885 118.08 250.00 227.00 201.78 176.56 151.34 126.12
5a 0.885 105.00 0.00 26.86 53.72 80.58 107.44 134.30
5b 0.885 118.08 25043 25225 254.06 257.14 258.78 259.52
5c 1.15 152.96 250.00 252.25 254.06 257.14 258.78 259.52
6 1.00 35.00 199.00 198.81 198.81 198.81 198.81 198.81
7 1.10 35.00 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.75 199.00 198.81 198.81 198.81 198.81 198.81
9 1.05 60.00 182.96 164.66 146.36 128.07 109.77 91.48
10 2.10 60.36 182.96 164.66 146.36 128.07 109.77 91.48
11 1.50 70.36 166.75 150.07 133.40 116.72 100.05 82.43
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Table A.7: PCCS parameters for treating flue gas from 50% Na rich gas mixture with syngas under different

load conditions using MEA solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%
12 1.01325 70.36 166.89 150.20 133.51 116.82 100.13 83.44
13 1.10 70.78 167.00 150.20 133.51 116.82 100.13 83.44
14 1.05 40.00 167.00 150.20 133.51 116.82 100.13 83.44
15 2.05 100.00 183.00 164.66 146.36 128.07 109.77 91.48
16 1.96 122.00 155.26 139.73 124.20 108.68 93.15 77.63
17 1.96 119.57 166.75 150.07 133.40 116.72 100.05 82.43
18 2.00 120.29 167.00 150.07 133.40 116.72 100.05 82.43
19 2.03 122.00 183.00 164.66 146.36 128.07 109.77 9148
20 2.01 125.00 18296 164.66 146.36 128.07 109.77 91.48
21 3.00 135.00 29.11 26.20 23.29 18.84 17.47 14.56
22 2.90 132.37 29.00 26.20 23.29 18.84 17.47 14.56
23 1.99 125.00 28.00 24.93 22.16 19.39 16.62 13.85
24 1.96 30.00 16.00 14.58 12.96 11.35 9.73 8.11
25 1.96 30.00 11.49 10.34 9.19 8.04 6.90 5.75
26 7.84 150.45 16.21 14.58 12.96 11.35 9.73 8.11
27 7.79 30.00 16.10 14.49 12.88 11.27 9.66 8.05
28 31.16 150.14 16.00 14.49 12.88 11.27 9.66 8.05
29 31.11 30.00 16.07 14.46 12.86 11.25 9.64 8.04
30 110.05 138.57 16.00 14.46 12.86 11.25 9.64 8.04
31 110.00 22.00 16.07 14.46 12.86 11.25 9.64 8.04

Table A.8: PCCS parameters for treating flue gas from 25% Ny rich gas mixture with syngas under different

load conditions using MEA solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%
0 0.885 104.64 268.60 241.74 214.88 188.02 161.16 134.30
1 1.15 137.75 268.60 241.74 214.88 188.02 161.16 134.30
2 1.1 65.40 268.60 241.74 214.88 188.02 161.16 134.30
3 1.05 40.00 265.89 23930 212.72 186.13 159.54 132.95
4 0.895 40.40 248.57 223.71 198.86 198.80 149.14 124.29
5 0.885 118.67 248.57 223.71 198.86 198.80 149.14 124.29
5a 0.885 105.00 0.00 26.86 53.72 80.58 107.44 134.30
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Table A.8: PCCS parameters for treating flue gas from 25% Ny rich gas mixture with syngas under different

load conditions using MEA solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)

100% 90% 80% 70% 60% 50%
5b 0.885 118.67 248.57 250.57 252.58 254.58 256.58 258.59
5c 1.15 153.60 248.57 250.57 252.58 254.58 256.58 258.59
6 1.00 35.00 198.81 198.81 198.81 198.81 198.81 198.81
7 1.10 35.00 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.80 198.81 198.81 198.81 198.81 198.81 198.81
9 1.05 60.00 197.21 177.49 157.77 138.05 118.32 98.60
10 2.10 60.17 197.21 17749 157.77 138.05 118.32 98.60
11 1.50 69.52 179.74 161.76 143.78 125.82 107.84 89.87
12 1.01325 69.52 179.88 161.89 14391 12592 107.93 89.94
13 1.10 69.93 179.88 161.89 14391 12592 10793 89.94
14 1.05 40.00 179.88 161.89 14391 12592 10793 89.94
15 2.05 100.00 197.21 17749 157.77 138.05 118.32 98.60
16 1.96 122.00 167.35 150.61 133.88 117.14 10041 83.67
17 1.96 119.57 179.74 161.76 143.78 125.82 107.84 89.87
18 2.00 120.29 179.74 161.76 143.78 125.82 107.84 89.87
19 2.03 122.00 197.21 177.49 157.77 138.05 118.32 98.60
20 2.01 125.00 197.21 17749 157.77 138.05 118.32 98.60
21 3.00 135.00 31.38 28.24 25.11 21.97 18.83 15.69
22 2.90 132.37 31.38 28.24 25.11 21.97 18.83 15.69
23 1.99 125.00 29.86 26.87 23.88 20.90 17.92 14.93
24 1.96 30.00 17.47 15.72 13.97 12.23 10.48 8.74
25 1.96 30.00 12.39 11.15 9.91 8.67 7.43 6.20
26 7.84 150.45 17.47 15.72 13.97 12.23 10.48 8.74
27 7.79 30.00 17.35 15.62 13.88 12.15 10.41 8.68
28 31.16 150.14 17.35 15.62 13.88 12.15 10.41 8.68
29 31.11 30.00 17.32 15.59 13.86 12.13 10.40 8.66
30 110.05 138.57 17.32 15.59 13.86 12.13 10.40 8.66
31 110.00 22.00 17.32 15.59 13.86 12.13 10.40 8.66
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Table A.9: PCCS parameters for treating flue gas from syngas under different load conditions using MEA

solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60%
0 0.885 104.64 268.60 241.74 214.88 188.02 161.16
1 1.15 137.68 268.60 241.74 214.88 188.02 161.16
2 1.1 65.40 268.60 241.74 214.88 188.02 161.16
3 1.05 40 265.26 238.74 212.21 185.68 159.16
4 0.895 40.40 246.65 22198 197.32 172.65 147.99
5 0.885 119.30 246.65 221.98 197.32 172.65 147.99
5a 0.885 105 0 26.86 53.72 80.58 107.44
5b 0.885 119.30 246.65 248.84 251.04 253.23 255.43
5c 1.15 154.27 246.65 248.84 251.04 253.23 25543
6 1 35 198.81 198.81 198.81 198.81 198.81
7 1.1 35 198.81 198.81 198.81 198.81 198.81
8 1.05 28.92 198.81 198.81 198.81 198.81 198.81
9 1.05 60 21194 190.74 169.55 14836 127.16
10 2.1 59.48 21194 190.74 169.55 14836 127.16
11 1.5 69.48 193.16 173.84 154.53 135.21 115.90
12 1.01325 69.48 193.32  173.99 154.65 13532 115.99
13 1.1 69.89 193.32  173.99 154.65 135.32 115.99
14 1.05 40 193.32  173.99 154.65 13532 115.99
15 2.05 100 211.94 190.74 169.55 148.36 127.16
16 1.96 124 179.85 161.86 143.88 125.89 107.91
17 1.96 119.57 193.16 173.84 154.53 135.21 115.90
18 2 120.29 193.16 173.84 154.53 135.21 115.90
19 2.03 124 21194 190.74 169.55 148.36 127.16
20 2.01 125 21194 190.74 169.55 148.36 127.16
21 3 135.00 33.72 30.35 26.98 23.61 20.23
22 2.9 132.37 33.72 30.35 26.98 23.61 20.23
23 1.99 125 32.09 28.88 25.67 22.46 19.25
24 1.96 30 18.78 16.90 15.02 13.14 11.27
25 1.96 30 13.31 11.98 10.65 9.32 7.99
26 7.84 150.45 18.78 16.90 15.02 13.14 11.27
27 7.79 30.00 18.65 16.78 14.92 13.05 11.19
28 31.16 150.14 18.65 16.78 14.92 13.05 11.19
29 31.11 30 18.62 16.76 14.89 13.03 11.17
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Table A.9: PCCS parameters for treating flue gas from syngas under different load conditions using MEA

solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60%

30 110.05 138.57 18.62 16.76 14.89 13.03 11.17
31 110 22 18.62 16.76 14.89 13.03 11.17

N. Subramanian Thermodynamic modelling of modern low-emission power units with a gas turbine






Appendix B

PCCS parameters for treating flue gases

from different composition of fuels using
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Table B.1: PCCS parameters for treating flue gas from pure methane fuel under different load conditions

using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%

0 0.885 104.64 268.60 241.74 214.88 188.02 161.16 134.3
1 1.15 137.93 268.60 241.74 214.88 188.02 161.16 134.3
2 1.1 65.40 268.60 241.74 214.88 188.02 161.16 134.3
3 1.05 40.00 266.98 240.28 213.58 186.88 160.19 133.49
4 0.895 40.40 253.81 228.43 203.05 177.67 152.28 12691
5 0.885 117.18 253.81 228.43 203.05 177.67 152.28 12691
5a 0.885 105 0.00 26.86 53.72  80.58 107.44 1343
5b 0.885 117.18 253.81 2553 256.77 258.25 259.73 261.21
3¢ 1.15 152.00 253.81 2553  256.77 258.25 259.73 261.21
6 1 35 198.81 198.81 198.81 198.81 198.81 198.81
7 1.1 35 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.67 198.81 198.81 198.81 198.81 198.81 198.81
9 1.05 60 149.90 13491 11992 10493 8994  74.95
10 2.1 60.36 149.90 13491 11992 10493 89.94  74.95
11 1.5 70.36 136.58 122.96 10930 95.64 81.97 68.31
12 1.01325 70.36 136.74 123.06 109.39 95.72  82.04  68.37
13 1.1 70.78 136.74 123.06 109.39 95.72  82.04  68.37
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Table B.1: PCCS parameters for treating flue gas from pure methane fuel under different load conditions

using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)

100% 90% 80% 70% 60% 50%
14 1.05 40 136.74 123.06 109.39 95.72 82.04 68.37
15 2.05 100 149.90 13491 119.92 10493 89.94 74.95
16 1.96 122 127.19 1445 101.86 89.04 76.32 63.6
17 1.96 119.57 136.58 12296 10930 95.64  81.97 68.31
18 2 120.29 136.58 122.96 109.30 95.64 81.97 68.31
19 2.03 122 149.90 13491 119.92 10493 89.94 74.95
20 2.01 125 14990 13491 119.92 104.93 89.94 74.95
21 3 135.00 23.32 20.9 18.57 16.25 13.93 11.61
22 2.9 132.37 23.32 20.9 18.57 16.25 13.93 11.61
23 1.99 125 22.71 20.42 18.15 15.88 13.62 11.35
24 1.96 30 13.31 11.94 10.62 9.29 7.96 6.64
25 1.96 30 9.40 8.47 7.53 6.59 5.65 4.71
26 7.84 150.45 13.31 11.94 10.62 9.29 7.96 6.64
27 7.79 30.00 13.22 11.88 10.54 9.23 7.92 6.59
28 31.16 150.14 13.22 11.88 10.54 9.23 7.92 6.59
29 31.11 30 13.20 11.85 10.53 9.22 7.9 6.58
30 110.05 138.57 13.20 11.85 10.53 9.22 7.9 6.58
31 110 22 13.20 11.85 10.53 9.22 7.9 6.58

Table B.2: PCCS parameters for treating flue gas from 75% methane mixture with syngas under different

load conditions using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%
0 0.885 104.64 268.60 241.74 214.883 188.02 161.16 1343
1 1.15 137.91 268.60 241.74 21483 188.02 161.16 1343
2 1.1 65.40 268.60 241.74 214.883 188.02 161.16 1343
3 1.05 40.00 266.80 240.12 213.44 186.76 160.08 133.4
4 0.895 40.40 253.07 227.76 202.45 177.15 151.84 126.53
5 0.885 117.39 253.07 227.76 202.45 177.15 151.84 126.53
5a 0.885 105 0.00 26.86 53.72 80.58 107.44 1343
5b 0.885 117.39 253.07 254.62 256.17 257.73 259.28 260.83
5c 1.15 152.23 253.07 254.62 256.17 257.73 259.28 260.83
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Table B.2: PCCS parameters for treating flue gas from 75% methane mixture with syngas under different

load conditions using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)

100% 90% 80% 70% 60% 50%
6 1 35 198.81 198.81 198.81 198.81 198.81 198.81
7 1.1 35 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.68 198.81 198.81 198.81 198.81 198.81 198.81
9 1.05 60 156.37 140.73 125.09 109.46 93.82 78.18
10 2.1 60.33 156.37 140.73 125.09 109.46 93.82 78.18
11 1.5 70.33 142.48 128.26 114.01 99.76 85.51 71.26
12 1.01325 70.33 142.63 12837 114.12 99.84 85.58 71.32
13 1.1 70.75 142.63 128.37 114.12 99.84 85.58 71.32
14 1.05 40 142.63 12837 114.12 99.84 85.58 71.32
15 2.05 100 156.37 140.73 125.09 109.46 93.82 78.18
16 1.96 122 132.67 119.43 106.16 92.88 79.62 66.35
17 1.96 119.57 14248 12826 114.01 99.76 85.51 71.26
18 2 120.29 142.48 128.26 114.01 99.76 85.51 71.26
19 2.03 122 156.37 140.73 125.09 109.46 93.82 78.18
20 2.01 125 156.37 140.73 125.09 109.46 93.82 78.18
21 3 135.00 24.33 21.8 19.38 16.95 14.53 12.11
22 2.9 132.37 24.33 21.8 19.38 16.95 14.53 12.11
23 1.99 125 23.69 21.3 18.94 16.57 14.2 11.84
24 1.96 30 13.89 12.48 11.08 9.89 8.31 8.93
25 1.96 30 9.80 8.84 7.86 6.88 5.9 491
26 7.84 150.45 13.89 12.48 11.08 9.89 8.31 8.93
27 7.79 30.00 13.80 12.38 11 9.63 8.25 6.88
28 31.16 150.14 13.80 12.38 11 9.63 8.25 6.88
29 31.11 30 13.77 12.36 10.98 9.61 8.24 6.86
30 110.05 138.57 13.77 12.36 10.98 9.61 8.24 6.86
31 110 22 13.77 12.36 10.98 9.61 8.24 6.86
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Table B.3: PCCS parameters for treating flue gas from 50% methane mixture with syngas under different

load conditions using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%
0 0.885 104.64 268.60 241.74 214.88 188.02 161.16 1343
1 1.15 137.87 268.60 241.74 214.88 188.02 161.16 1343
2 1.1 65.40 268.60 241.74 214.88 188.02 161.16 1343
3 1.05 40.00 266.53 239.88 213.23 186.57 159.92 133.27
4 0.895 40.40 25196 226.76 201.57 176.37 151.18 125.98
5 0.885 117.72 25196 226.76 201.57 176.37 151.18 125.98
5a 0.885 105 0.00 26.86 53.72 80.58 107.44 1343
5b 0.885 117.72 25196 253.62 255.29 256.95 258.62 260.28
5c 1.15 152.57 251.96 253.62 255.29 256.95 258.62 260.28
6 1 35 198.81 198.81 198.81 198.81 198.81 198.81
7 1.1 35 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.71 198.81 198.81 198.81 198.81 198.81 198.81
9 1.05 60 165.96 149.36 132.76 116.17 99.57 82.98
10 2.1 60.36 16596 14936 132.76 116.17  99.57 82.98
11 1.5 69.65 151.21 136.13 121.01 105.88 90.75 75.63
12 1.01325 69.65 151.38 136.24 121.11 105.97 90.83 75.69
13 1.1 70.06 151.38 136.24 121.11 105.97 90.83 75.69
14 1.05 40 151.38 136.24 121.11 10597 90.83 75.69
15 2.05 100 165.96 149.36 132.76 116.17 99.57 82.98
16 1.96 122 140.81 126.75 112.67 98.58 84.5 70.42
17 1.96 119.57 151.21 136.13 121.01 105.88 90.75 75.63
18 2 120.29 151.21 136.13 121.01 105.88 90.75 75.63
19 2.03 122 165.96 149.36 132.76 116.17 99.57 82.98
20 2.01 125 165.96 149.36 132.76 116.17 99.57 82.98
21 3 135.00 25.82 23.14 20.57 17.99 15.42 12.85
22 2.9 132.37 25.82 23.14 20.57 17.99 15.42 12.85
23 1.99 125 25.14 22.61 20.11 17.59 15.07 12.56
24 1.96 30 14.74 13.23 11.76 10.29 8.82 7.35
25 1.96 30 10.40 9.38 8.34 7.3 6.25 5.21
26 7.84 150.45 14.74 13.23 11.76 10.29 8.82 7.35
27 7.79 30.00 14.64 13.14 11.68 10.22 8.76 7.3
28 31.16 150.14 14.64 13.14 11.68 10.22 8.76 7.3
29 31.11 30 14.62 13.12 11.66 10.2 8.75 7.28
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Table B.3: PCCS parameters for treating flue gas from 50% methane mixture with syngas under different

load conditions using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%
30 110.05 138.57 14.62 13.12 11.66 10.2 8.75 7.28
31 110 22 14.62 13.12 11.66 10.2 8.75 7.28

Table B.4: PCCS parameters for treating flue gas from 25% methane mixture with syngas under different

load conditions using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%
0 0.885 104.64 268.60 241.74 214.88 188.02 161.16 1343
1 1.15 137.80 268.60 241.74 214.88 188.02 161.16 1343
2 1.1 65.40 268.60 241.74 214.88 188.02 161.16 1343
3 1.05 40.00 266.10 23949 21288 186.27 159.66 133.05
4 0.895 40.40 250.15 225.13 200.12 175.1 150.09 125.07
5 0.885 118.25 250.15 225.13 200.12 175.1 150.09 125.07
5a 0.885 105 0.00 26.86 53.72 80.58 107.44 1343
5b 0.885 118.25 250.15 25199 253.84 255.68 257.53 259.37
5c 1.15 153.14 250.15 251.99 253.84 255.68 257.53 259.37
6 1 35 198.81 198.81 198.81 198.81 198.81 198.81
7 1.1 35 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.76 198.81 198.81 198.81 198.81 198.81 198.81
9 1.05 60 181.65 163.48 14532 127.15 108.99 90.83
10 2.1 60.36 181.65 163.48 145.32 127.15 108.99 90.83
11 1.5 70.36 165.51 149.01 132.45 115.89 99.34 82.78
12 1.01325 70.36 165.70 149.13 132.56 11598 99.42 82.85
13 1.1 70.78 165.70  149.13 13256 11598 99.42 82.85
14 1.05 40 165.70 149.13 132.56 11598 9942 82.85
15 2.05 100 181.65 163.48 145.32 127.15 108.99 90.83
16 1.96 122 154.13 138.74 12332 107.91 92.49 77.08
17 1.96 119.57 165.51 149.01 13245 115.89 99.34 82.78
18 2 120.29 165.51 149.01 13245 115.89 9934  82.78
19 2.03 122 181.65 163.48 14532 127.15 108.99 90.83
20 2.01 125 181.65 163.48 145.32 127.15 108.99 90.83
21 3 135.00 28.26 25.32 22.51 19.69 16.88 14.07
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Table B.4: PCCS parameters for treating flue gas from 25% methane mixture with syngas under different

load conditions using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%

22 2.9 132.37 28.26 2532 2251 19.69 16.88 14.07
23 1.99 125 27.52 2475 2199 19.25 16.49 13.75
24 1.96 30 16.13 14.48 12.87 11.28 9.64 8.04
25 1.96 30 11.39 10.27 9.13 7.97 6.85 5.71
26 7.84 150.45 16.13 14.48 12.87 11.28 9.64 8.04
27 7.79 30.00 16.03 14.38 12.78 11.19 9.59 7.99
28 31.16 150.14 16.03 14.38 12.78 11.19 9.59 7.99
29 31.11 30 16.00 14.36 12.76 11.17 9.57 7.97
30 110.05 138.57 16.00 14.36 12.76 11.17 9.57 7.97
31 110 22 16.00 14.36 12.76 11.17 9.57 7.97

Table B.5: PCCS parameters for treating flue gas from Nitrogen rich natural gas under different load

conditions using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%

0 0.885 104.64 268.60 241.74 214.88 188.02 161.16 134.30
1 1.15 137.94 268.60 241.74 214.88 188.02 161.16 134.30
2 1.1 65.40 268.60 241.74 214.88 188.02 161.16 134.30
3 1.05 40.00 267.66 240.89 214.13 187.37 160.59 133.83
4 0.895 40.40 253.98 228.58 203.18 177.78 152.39 126.98
5 0.885 116.96 253.98 228.58 203.18 177.78 152.39 126.98
5a 0.885 105.00 0.00 26.86  53.72  80.58 107.44 134.30
5b 0.885 116.96 253.98 255.44 25690 258.36 259.83 261.28
5¢ 1.15 151.76 253.98 25544 256.90 258.36 259.83 261.28
6 1.00 35.00 198.81 198.81 198.81 198.81 198.81 198.81
7 1.10 35.00 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.65 198.81 198.81 198.81 198.81 198.81 198.81
9 1.05 60.00 155.86 140.28 124.69 109.10 93.52  77.93
10 2.10 60.33 155.86 140.28 124.69 109.10 93.52  77.93
11 1.50 70.33 142.02 127.85 113.65 99.44 85.23 71.03
12 1.01325 70.33 142.17 12796 113.74 99.52 8530  71.09
13 1.10 70.75 142.17 127.96 113.74 99.52  85.30  71.09
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Table B.5: PCCS parameters for treating flue gas from Nitrogen rich natural gas under different load

conditions using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)

100% 90% 80% 70% 60% 50%
14 1.05 40.00 142.17 127.96 113.74 99.52 85.30 71.09
15 2.05 100.00 155.86 140.28 124.69 109.10 93.52 77.93
16 1.96 122.00 132.25 119.04 105.81 92.58 79.36 66.13
17 1.96 119.57 142.02 127.85 113.65 99.44  85.23 71.03
18 2.00 120.29 142.02 127.85 113.65 99.44 85.23 71.03
19 2.03 122.00 155.86 140.28 124.69 109.10 93.52 77.93
20 2.01 125.00 155.86 140.28 124.69 109.10 93.52 77.93
21 3.00 135.00 24.25 21.73 19.31 16.90 14.48 12.07
22 2.90 132.37 24.25 21.73 19.31 16.90 14.48 12.07
23 1.99 125.00 23.61 21.24 18.88 16.52 14.16 11.79
24 1.96 30.00 13.84 12.43 11.05 9.67 8.29 6.90
25 1.96 30.00 9.77 8.81 7.83 6.85 5.87 4.89
26 7.84 150.45 13.84 12.43 11.05 9.67 8.29 6.90
27 7.79 30.00 13.75 12.34 10.89 9.59 8.23 6.86
28 31.16 150.14 13.75 12.34 10.89 9.59 8.23 6.86
29 31.11 30.00 13.73 12.32 10.95 9.58 8.21 6.84
30 110.05 138.57 13.73 12.32 10.95 9.58 8.21 6.84
31 110.00 22.00 13.73 12.32 10.95 9.58 8.21 6.84

Table B.6: PCCS parameters for treating flue gas from 75% Ny rich gas mixture with syngas under different

load conditions using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%
0 0.885 104.64 268.60 241.74 214.883 188.02 161.16 134.3
1 1.15 137.88 268.60 241.74 214.88 188.02 161.16 1343
2 1.1 65.40 268.60 241.74 214.83 188.02 161.16 1343
3 1.05 40.00 267.09 24038 213.67 186.96 160.26 133.55
4 0.895 40.40 252.23 227.01 201.78 176.56 151.34 126.12
5 0.885 117.50 252.23 227.01 201.78 176.56 151.34 126.12
5a 0.885 105 0.00 26.86 53.72 80.58 107.44 1343
5b 0.885 117.50 252.23  253.87 255.51 257.14 258.78 260.42
5c 1.15 152.35 252.23 253.87 255.51 257.14 258.78 260.42
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Table B.6: PCCS parameters for treating flue gas from 75% Ny rich gas mixture with syngas under different

load conditions using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)

100% 90% 80% 70% 60% 50%
6 1 35 198.81 198.81 198.81 198.81 198.81 198.81
7 1.1 35 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.70 198.81 198.81 198.81 198.81 198.81 198.81
9 1.05 60 169.22 152.29 135.37 118.45 101.53 84.61
10 2.1 60.36 169.22 152.29 13537 118.45 101.53 84.61
11 1.5 70.36 154.19 138.81 132.38 107.96 92.54 77.12
12 1.01325 70.36 15436 13892 123.49 108.05 92.62 77.18
13 1.1 70.78 154.36 138.92 12349 108.05 92.62 77.18
14 1.05 40 15436 13892 12349 108.05 92.62 77.18
15 2.05 100 169.22  152.29 13537 118.45 101.53 84.61
16 1.96 122 143.58 129.24 114.88 100.52 86.16 71.8
17 1.96 119.57 154.19 138.81 132.38 107.96 92.54 77.12
18 2 120.29 154.19 138.81 132.38 107.96 92.54 77.12
19 2.03 122 169.22 152.29 135.37 118.45 101.53 84.61
20 2.01 125 169.22 152.29 13537 118.45 101.53 84.61
21 3 135.00 26.33 23.59 20.97 18.35 15.73 13.12
22 2.9 132.37 26.33 23.59 20.97 18.35 15.73 13.12
23 1.99 125 25.64 23.05 20.49 17.93 15.37 12.81
24 1.96 30 15.03 13.49 11.99 10.49 8.99 7.5
25 1.96 30 10.61 9.56 8.5 7.44 6.38 5.31
26 7.84 150.45 15.03 13.49 11.99 10.49 8.99 7.5
27 7.79 30.00 14.93 13.39 11.9 10.42 8.93 7.44
28 31.16 150.14 14.93 13.39 11.9 10.42 8.93 7.44
29 31.11 30 14.90 13.37 11.88 10.4 8.92 7.43
30 110.05 138.57 14.90 13.37 11.88 10.4 8.92 7.43
31 110 22 14.90 13.37 11.88 104 8.92 7.43
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Table B.7: PCCS parameters for treating flue gas from 50% N rich gas mixture with syngas under different

load conditions using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)

100% 90% 80% 70% 60% 50%
0 0.885 104.64 268.60 241.74 214.88 188.02 161.16 1343
1 1.15 137.82 268.60 241.74 214.88 188.02 161.16 1343
2 1.1 65.40 268.60 241.74 214.88 188.02 161.16 1343
3 1.05 40.00 266.50 239.85 213.20 186.55 159.90 133.25
4 0.895 40.40 25043 22539 200.34 175.30 150.26 125.21
5 0.885 118.08 25043 22539 200.34 175.30 150.26 125.21
5a 0.885 105.00 0.00 26.86 53.72 80.58 107.44 1343
5b 0.885 118.08 25043 25225 254.06 255.88 257.7 259.52
5¢c 1.15 152.96 250.43 252.25 254.06 255.88 257.7 259.52
6 1 35 198.81 198.81 198.81 198.81 198.81 198.81
7 1.1 35 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.75 198.81 198.81 198.81 198.81 198.81 198.81
9 1.05 60 183.01 164.71 146.40 128.11 109.81 91.51
10 2.1 60.36 183.01 164.71 146.40 128.11 109.81 91.51
11 1.5 70.36 166.76  150.20 133.44 116.76 100.08 83.4
12 1.01325 70.36 166.94 150.25 133.55 116.86 100.16 83.47
13 1.1 70.78 166.94 150.25 133.55 116.86 100.16 83.47
14 1.05 40 166.94 150.25 133.55 116.86 100.16 83.47
15 2.05 100 183.01 164.71 146.40 128.11 109.81 91.51
16 1.96 123 155.29 139.78 124.24 106.72 93.18 77.65
17 1.96 119.57 166.76  150.20 133.44 116.76 100.08 83.40
18 2 120.29 166.76  150.20 133.44 116.76 100.08 83.40
19 2.03 123 183.01 164.71 146.40 128.11 109.81 91.51
20 2.01 125 183.01 164.71 146.40 128.11 109.81 91.51
21 3 135.00 28.48 25.51 22.68 19.84 17.01 14.17
22 2.9 132.37 28.48 25.51 22.68 19.84 17.01 14.17
23 1.99 125 27.73 24.93 22.16 19.39 16.62 13.85
24 1.96 30 16.26 14.58 12.97 11.34 9.73 8.1
25 1.96 30 11.47 10.35 9.19 8.05 6.89 5.75
26 7.84 150.45 16.26 14.58 12.97 11.34 9.73 8.1
27 7.79 30.00 16.15 14.48 12.88 11.27 9.66 8.05
28 31.16 150.14 16.15 14.48 12.88 11.27 9.66 8.05
29 31.11 30 16.12 14.46 12.86 11.25 9.64 8.03
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Table B.7: PCCS parameters for treating flue gas from 50% N rich gas mixture with syngas under different

load conditions using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%
30 110.05 138.57 16.12 14.46 12.86 11.25 9.64 8.03
31 110 22 16.12 14.46 12.86 11.25 9.64 8.03

Table B.8: PCCS parameters for treating flue gas from 25% N rich gas mixture with syngas under different

load conditions using AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60% 50%

0 0.885 104.64 268.60 241.74 214.88 188.02 161.16 1343
1 1.15 137.75 268.60 241.74 214.88 188.02 161.16 1343
2 1.1 65.40 268.60 241.74 214.88 188.02 161.16 1343
3 1.05 40.00 265.89 2393 21271 186.12 159.53 132.95
4 0.895 40.40 248.57 223.71 198.85 173.99 149.14 124.28
5 0.885 118.67 248.57 223.71 198.85 173.99 149.14 124.28
5a 0.885 105 0.00 26.86 53.72 80.58 107.44 1343
5b 0.885 118.67 248.57 250.57 252.57 254.58 256.58 258.58
5c 1.15 153.60 248.57 250.57 252,57 254.58 256.58 258.58
6 1 35 198.81 198.81 198.81 198.81 198.81 198.81
7 1.1 35 198.81 198.81 198.81 198.81 198.81 198.81
8 1.05 28.80 198.81 198.81 198.81 198.81 198.81 198.81
9 1.05 60 197.27 177.54 157.81 138.08 118.36 98.63
10 2.1 60.36 197.27 177.54 157.81 138.08 118.36 98.63
11 1.5 70.36 179.74 161.81 143.83 125.86 107.87 89.89
12 1.01325 70.36 179.94 161.95 14395 12596 10796 89.97
13 1.1 70.78 17994 16195 14395 12596 107.96 89.97
14 1.05 40 179.94 161.95 14395 12596 10796 89.97
15 2.05 100 197.27 177.54 157.81 138.08 118.36 98.63
16 1.96 122 167.38 150.66 133.92 117.18 100.44 83.7

17 1.96 119.57 179.74 161.81 143.83 125.86 107.87 89.89
18 2 120.29 179.74 161.81 143.83 125.86 107.87 89.89
19 2.03 122 197.27 177.54 157.81 138.08 118.36 98.63
20 2.01 125 197.27 177.54 157.81 138.08 118.36 98.63
21 3 135.00 30.69 27.5 24.45 21.38 18.33 15.28
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Table B.8: PCCS parameters for treating flue gas from 25% Ny rich gas mixture with syngas under different

load conditions using AMP-PZ solvent

Point Pressure (bar) Temperature (°C)

Mass flow rate (kg/s)

100% 90% 80% 70% 60% 50%
22 2.9 132.37 30.69 27.5 2445  21.38 18.33 15.28
23 1.99 125 29.89  26.87  23.89 20.9 17.92 14.93
24 1.96 30 17.52 15.72 13.98 12.23 10.49 8.74
25 1.96 30 12.37 11.15 9.91 8.67 7.43 6.19
26 7.84 150.45 17.52 15.72 13.98 12.23 10.49 8.74
27 7.79 30.00 17.40 15.81 13.88 12.15 10.41 8.87
28 31.16 150.14 17.40 15.81 13.88 12.15 10.41 8.87
29 31.11 30 17.37 15.6 13.86 12.13 10.4 8.66
30 110.05 138.57 17.37 15.6 13.86 12.13 10.4 8.66
31 110 22 17.37 15.6 13.86 12.13 10.4 8.66

Table B.9: PCCS parameters for treating flue gas from syngas under different load conditions using

AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60%
0 0.885 104.64 268.60 241.74 214.88 188.02 161.16
1 1.15 137.68 268.60 241.74 214.88 188.02 161.16
2 1.1 65.40 268.60 241.74 214.88 188.02 161.16
3 1.05 40.00 265.26 238.74 212.21 185.68 159.16
4 0.895 40.40 246.65 22198 197.32 172.65 147.98
5 0.885 119.30 246.65 22198 19732 172.65 147.98
5a 0.885 105 0.00 26.86 53.72 80.58 107.44
5b 0.885 119.30 246.65 248.84 251.04 253.23 255.43
5c 1.15 154.27 246.65 248.84 251.04 253.23 25543
6 1 35 198.81 198.81 198.81 198.81 198.81
7 1.1 35 198.81 198.81 198.81 198.81 198.81
8 1.05 28.90 198.81 198.81 198.81 198.81 198.81
9 1.05 60 212.00 190.80 169.60 148.40 127.20
10 2.1 59.65 212.00 190.80 169.60 148.40 127.20
11 1.5 69.48 193.17 17390 15458 135.26 115.93
12 1.01325 69.48 193.38 174.04 154.71 13537 116.03
13 1.1 69.90 193.38 174.04 154.71 135.37 116.03
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Table B.9: PCCS parameters for treating flue gas from syngas under different load conditions using

AMP-PZ solvent

Point Pressure (bar) Temperature (°C) Mass flow rate (kg/s)
100% 90% 80% 70% 60%

14 1.05 40 193.38 174.04 154.71 135.37 116.03
15 2.05 100 212.00 190.80 169.60 148.40 127.20
16 1.96 122 179.88 161.92 14393 12593 107.94
17 1.96 119.57 193.17 17390 154.58 135.26 115.93
18 2 120.29 193.17 17390 15458 135.26 115.93
19 2.03 122 212.00 190.80 169.60 148.40 127.20
20 2.01 125 212.00 190.80 169.60 148.40 127.20
21 3 135.00 32.99 29.55 26.27 22.99 19.70
22 2.9 132.37 32.99 29.55 26.27 22.99 19.70
23 1.99 125 32.12 28.88 25.67 22.46 19.26
24 1.96 30 18.83 16.90 15.02 13.14 11.27
25 1.96 30 13.29 11.98 10.65 9.32 7.99

26 7.84 150.45 18.83 16.90 15.02 13.14 11.27
27 7.79 30.00 18.70 16.78 15.10 13 11.19
28 31.16 150.14 18.70 16.78 15.10 13 11.19
29 31.11 30 18.67 16.76 14.90 13.03 11.17
30 110.05 138.57 18.67 16.76 14.90 13.03 11.17
31 110 22 18.67 16.76 14.90 13.03 11.17
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