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Abstract

In the study, the biomass, coal and natural gas fired power plants were integrated with
single and double calcium looping configurations to explore the efficient carbon capture and
sequestration/utilization/hydrogen co-generation options. These integrated configurations are
systematically analyzed based on overall energy, exergy, environmental and cost parametric
indicators. The performance of proposed carbon capture and sequestration power plant
configurations were compared with their respective reference biomass, coal and natural gas
fired power plants. The carbon capture integrated coal fired power plant was further extended
to explore an efficient electricity and hydrogen co-production scheme. Similarly two different
carbon capture and utilization configurations namely (i) conventional dry reforming based
dimethyl ether production unit coupled with double calcium looping integrated natural gas fired
combined cycle power plant and (ii) Solar energy aided dimethyl ether production unit coupled
with double calcium looping integrated natural gas fired combined cycle power plant were

explored for DME production and power cogeneration.

The results from the comparative assessment indicates that the biomass, coal, natural
gas fired power plants integrated with double calcium looping CO2 capture scheme have
superior energy, exergy and environmental performance than the single calcium looping
integrated power plant configurations. The research work also reveals that the levelized cost of
electricity and levelized product of hydrogen for the hydrogen production unit coupled with
conventional calcium looping integrated coal fired power plant were 69.40 €/ MWh and 2.34
€/kg, while hydrogen production unit coupled with double calcium looping integrated coal fired
power plant configuration has 58.51 €/ MWh and 2.11 €/kg respectively. Finally, to improve
the energy and exergy efficiency of calcium looping integrated natural gas fired combined
cycle power plant and make the process environmentally sustainable, the captured CO: is
utilized for dimethyl ether production. Compared to a conventional dry reforming based
dimethyl ether production process, the integration of solar energy aided dimethyl ether
production with double calcium looping integrated natural gas fired combined cycle power
plant configuration has less levelized cost of electricity and levelized product cost of dimethyl
ether. The outcome of this study can provide the basis for potential improvement of biomass
and fossil fuel fired power plants integrated with calcium looping based on CO> capture based
on thermodynamic, environment and cost analysis.

Keywords: Calcium looping, Carbon capture and sequestration, Carbon Capture and

Utilization, Carbon Capture and hydrogen co-production, Dimethyl ether production
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Chapter 1

Introduction

Energy plays a very critical role in the socio-economic development of any country. It is a
well-known fact that human beings are the most intelligent species on earth and have invented
different products for improving their quality of life. All these products directly or indirectly
require energy and because of this per capita energy requirement increases gradually. The world’s
total energy consumption in the year 1973 was only 6098 Mtoe that has grown tremendously to
14282 Mtoe by the year 2018 (IEA., 2020c). The data reveals that as the industrial revolution has
proliferated across different nations, the world energy consumption and demand also increased
collectively. At present, a major part of this energy demand is fulfilled by fossil fuels such as coal,
oil and natural gas. Fossil energy plays an important role in the near future, since fossil fuels have
a higher energy density than renewables and have established technologies for harvesting energy.

In this 20" century, while the energy consumption of countries like the USA and Germany
have shown the largest downturns, China has become the major energy consumer that is utilizing
more than three-quarters of the world’s total energy (Looney, 2020). India is also one of the major
developing economies in the world, where energy needs are rising at a rapid pace (Singh et al.,
2017). A significant part of this need is fulfilled by fossil fuel based power plants such as coal and
natural gas fired combined cycle power plants (Singh and Sharma., 2016; Lakshmi et al., 2019).
Nonetheless, these fossil fuels are also a major source of Greenhouse Gas (GHG) emissions i.e.,
mostly carbon dioxide (CO.) that causes climate change. Therefore, in order to limit climate
change, India is adopting policies and exploring various carbon mitigation techniques.

Generally, renewable energy technologies are considered to be the best substitutes to solve
this problem of GHG emissions. However, it has been found out that fossil fuels will continue to
dominate for a fair period of time because of the less competitiveness of renewable energy
technologies as compared to the conventional sources of energy such as natural gas and coal
(Rafiee et al., 2018). Carbon capture and sequestration (CCS), Carbon capture and utilization
(CCU) and carbon capture and hydrogen cogeneration (CCHC) techniques are few sustainable
approaches which can be easily integrated with fossil fuel fired power plants for minimization of

greenhouse gas emissions. In addition to that, India being an agricultural based country produces
2



a significant amount of biomass (considered as a carbon neutral fuel) that can be used for rural
electrification via biomass-based power plants. Coupling biomass power plant with CO. capture
is a promising option to enable a ‘carbon neutral’ technology to a ‘carbon negative’ technology.
Thus, there is a greater need to identify the viability of CCS/CCU/CCHC techniques in coal,
natural gas and biomass fired power plants for India. These techniques not only will help to build
a sustainable way of energy generation along with renewables in India but will also majorly

contribute to the whole world to mitigate the greenhouse gas emissions.

The rest of this chapter is organized as follows, section 1.1 explains the current status on
fossil energy (coal, natural gas) and biomass energy share in electricity generation in India and
across the world. Section 1.2, presents the recent greenhouse gas emission trends in India and
across the world and possible mitigation opportunities. Section 1.3, details the most potential CO-
mitigation techniques such as CCS,CCU and CCHC. The motivation and objectives behind the
proposed research are highlighted in section 1.4 and 1.5. At the end, a broad outline and

organization of the thesis is presented in section 1.6.

1.1 Overview of coal, natural gas and biomass energy based power plants

In this section, the importance of coal, biomass and natural gas fired power plants in
electricity generation in India and the world is highlighted. The presented statistics will help to
understand the dominance of these energy sources in power generation. Subsequently, the

presented CO2 emission statistics will highlight the environmental impact.
1.1.1 Energy from coal fired power plants - Status in World and India

Coal fired power plants generate electricity by burning coal as fuel. Generally, in this
system, the heat energy developed from coal combustion is used to generate steam at very high
pressure. The turbine is powered by high-pressure steam, which ultimately turns the generator and
produces electricity. Since the operation of the world’s first coal fired power plant in the year 1882
by Thomas Edison in New York (Xu et al., 2018; Parsons., 2015), the rapid progress in its
technology has paved the way for the establishment of a large number of coal fired power plants
worldwide for power generation. Today the coal fired power plants are categorised into four types
i.e., circulating fluidised bed combustion, pressurised fluidised bed combustion, integrated
gasification combined cycle (IGCC) and pulverised coal fired power plants. These can be further
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classified into subcritical, supercritical, advanced supercritical and ultra-supercritical types based
upon the operating steam pressure (Lako., 2004). Among all these categories, the pulverised
CFPPs are widely used around the world. Currently there are around 2,425 active coal fired power
plants, around the world, producing 2,000 GW of electricity and releasing 15 billion tonnes per
year of CO> into the atmosphere (Desjardins., 2019). As per the International Energy Outlook

report, the global energy demand is going to increase continuously in the 21% century.

A majority of this energy consumption is going to be in highly populated countries like
Brazil, China and India (IEO., 2016). India’s coal consumption in 2018 contributes to around 45%
of the country’s total energy consumption (as shown in Fig. 1.1A) and is the second largest coal
consuming country after China. In India as on 2020, the coal fired power plants account 55% of
the total installed capacity (i.e., around 370 gigawatts), while renewable energy accounts for 24%
only as shown in Fig. 1.1B. Major reasons for dependency on coal fired power plants are: the
abundant availability of coal in the country at a low cost, technology availability, and the ability
to consistently meet the base load demand (EIA India., 2020). Keeping all this in view, it is very
much clear that the coal fired power plants are going to play a prominent role at present and in
near future to meet India’s electricity demand. Having said that, it is also quite evident from the
literature mentioned earlier (Desjardins., 2019), that these coal-fired power plants are also major

emitters of greenhouse gases mainly CO..

1.1.2 Energy from gas fired power plants — Status in World and India

Gas fired power plant is another fossil fuel-based power plant that produces electricity by
using natural gas as fuel. Likewise in coal fired power plant, in this system the chemical energy of
natural gas is initially transformed into heat energy, then to mechanical energy and at last into
electrical energy. Initially, the growth in gas power technology was not significant. However,
during the world wars, the need for innovations in aircraft technology, manufacturing and

engineering advancement has provided this technology with major upgrades (Harvey et al., 2022).
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The first commercial use of gas power technology for electricity took place in Neuchatel,
Switzerland around the year 1939-1940. Thereafter, it took around 21 years to develop a gas fired
power plant based on a combined cycle i.e., both gas and steam-based cycles. The plant was built
in Korneuburg, Austria in the year 1961 with an electricity generation capacity of 75 MW. Since
then, the technology of natural gas fired combined cycle power plants has improved rapidly.
Currently, the natural gas fired combined cycle power plant emits lower greenhouse gas emissions
and have higher thermal efficiency as compared to fossil fuel-based power plants (Miser., 2015).
It has been predicted that the world's total power generation demand will significantly rise to
34,290 TWh by 2030 and around 21% of this power generation is expected from natural gas fired
combined cycle power plants (Hu and Ahn., 2017). Fig. 1.2 indicates the projection of the total
World’s energy consumption in 2050 when compared with the year 2018. It shows that in the next
few decades, the energy share of natural gas is going to be more consistent after nuclear energy.
This is due to its more compatibility with carbon capture and utilization and storage technologies
that either store or reuse the exhaust CO2 emissions when compared with coal power plants
(Outlook., 2019). On the other hand, renewable energy replaces coal energy utilization in power
sector (EIA., 2019).
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Fig. 1.2 Projection of total world’s energy consumption in 2018 and 2050 year (Source: EIA.,
2019)



From India’s perspective, it was found out that the share of natural gas in the energy sector
is around 6% while the total installed power capacity based on gas energy contributes 7%
approximately in 2018 (Fig. 1.1). However, as part of cleaner fuel utilization for energy production
the country is aiming to increase its natural gas share to 15% of total energy consumption by the
year 2030 (EIA India., 2020). The discoveries of shale gas reserves in Krishna-Godavari, Cauvery
and Cambay basins (Negi et al., 2017) have paved the way to exploit the available native

hydrocarbon resource for natural gas fired combined cycle power generation.
1.1.3 Biomass fired power plants — Status in World and India

Biomass is often regarded as a carbon neutral fuel (Gadek & Kalisz., 2018). In addition, it
is one of the renewable energy sources, which decreases the consumption of fossil fuels for
electricity generation. Wood as a main source of biomass has fueled the global economy for
thousands of years. After the industrial revolution it was slowly replaced with commercial fuels
such as coal, gas and oil. However, the difficulties in the acquisition of fossil fuels due to the
geopolitical, economic and environmental issues after the world wars have brought back the
prominence of bioenergy in the world (Lewis., 1981). Since then, bioenergy is growing

optimistically along with other renewable energies.

A growth of 5% in bioenergy was observed in the electricity sector in the year 2019.
However, by the year 2030, it is expected to grow at a slightly higher rate i.e., 6% annually (IEA.,
2020a). The reason is that various countries are implementing new policies to generate sustainable
energy in the future. Countries like China and Germany are promoting the energy from waste
(EfW) technique for electricity generation by using municipal solid waste. On the other hand,
predominantly agricultural based countries like India and Brazil are primarily focusing on bagasse
as a biomass resource for the production of biofuel and electricity generation (IEA., 2020a; Arasto
etal., 2017).

In recent times, India is facing a threat to the human and environment due to burning of
biomass in the farm fields and has gained a lot of public attention. One possible solution to
eradicate this problem is the installation of decentralized biomass-based power plants in rural
areas. This not only helps to meet electricity demand locally but also is a medium to dispose of the
agricultural waste sustainably (Kaur., 2020). Fig. 1.3 represents the share of various renewable



energies for power generation in India. At present, biomass power plants contribute to around 12%
of total energy after wind and solar power i.e., 44% and 39%. India has the potential to produce
26,000 MW of power from agriculture residue-based biomass. A major share of around 8000 MW
is contributed by bagasse alone (MNRE., 2020).

= Wind power

= Solar power

m \Waste to energy
Biopower

Small hydro power

Fig. 1.3 Share of different installed grid connected renewable power in India, Dec 2019 (Source:
MNRE., 2020)

1.2 Status of greenhouse gas emission and mitigation opportunities in India and the World

Climate change due to global warming has emerged as a very important concern around
the world. It is believed that the increasing accumulation of these GHGs is the major cause of
global warming. Most of the GHGs (most commonly CO>) are released into the environment due
to the utilization of fossil fuels such as coal, oil and natural gas in the energy generation process.
As per the Global Energy Review report published by IEA in March 2022, the annual CO>
emissions consistently are decreasing in the developed countries such as USA, European Union
and Japan as shown in Fig. 1.4A. Few countries had very low CO> emissions in 2021 due to the
COVID pandemic.

The CO2 emissions in developing countries such as India and China continue to grow
annually, as shown in Fig. 1.4B. The above facts clearly signify that today the cause of GHG
8



emissions problem is not just owned by developed and developing countries but has become a
worldwide concern. To achieve net zero carbon emissions by 2050, any fossil fuel based power
plants must be integrated with a suitable CCS or CCU technology (IEA., 2021). At present, a
number of mitigation strategies are being adopted globally to reduce the GHG emissions after the
Paris agreement signed in the year 2015 that legally binds the nations all over the world to keep
global warming below 2 “C by the end of 21% century (Schurer et al., 2018). The first and most
common approach adopted by many countries is reforestation i.e., planting trees on a large scale
that reduces atmospheric CO2 concentration through photosynthesis.

To minimize the anthropogenic greenhouse gas emissions into the atmosphere, IEA.,
(2015) proposed several alternatives along with their potential as shown in Fig. 1.5. From the data
it can be observed that the improvement of existing process energy efficiencies can play a major
role in mitigating the CO. emissions, which also improves the process sustainability in terms of
reduced operating cost, environmental impact and waste. In the power sector, switching from fossil
fuel-based energy sources to clean energy (zero CO2 emission) sources such as renewables and
nuclear energy can have considerable impact on CO, mitigation. These advanced technologies
enable a significant reduction of GHG emissions into the atmosphere and are considered to be the
best alternative against fossil fuel-based power plants. However, it has also been reported that
switching completely to renewables from fossil fuels even by the year 2050 is not possible (IEA.,
2021). Hence, currently the developing countries are exploring the integration of CO2 capture
technologies with thermal power plants. This minimum retrofitting can make the power production
from thermal power plants as environmentally sustainable and viable option to meet the base load
demand in most of the countries. The captured CO- after this modification in power plants was
either sequestrated directly into the geological storages such as depleted oil fields, gas fields and
saline aquifers or else utilized for the production of value-added products such as chemicals and
biofuels. Currently, researchers are actively working on synthesizing different CCS & CCU
configurations, enhancement of first-generation technologies’ efficiency and effective integration

of CCS & CCU units with thermal power plants.
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1.3 The most potential CO2 mitigation techniques such as carbon capture and sequestration,

carbon capture and utilization and carbon capture and hydrogen co-generation

In this section, the general information of the origin, current status and future prospects of
CCS, CCU and CCHC technologies is discussed in detail. The discussion helps to derive the

motivation for the present research work.
1.3.1 Carbon capture and sequestration (CCS)

CCS is a process where primarily the CO- is separated from other constituent components
present in a mixture of gases and was further sent into deep geological storages e.g., depleted oil
fields, gas fields and saline aquifers. The technology of CO. capture was available since the 1920s
when the CO; present in natural gas reservoirs was separated from the saleable methane (CH4) gas
(IEAGHG., 2013). The first known CCS facility was built in the year 1971 in Texas in the form
of a gas processing facility named Terrell Natural Gas Processing Plant. (Loria and Bright., 2021)
The captured CO in this case was used for Enhanced Oil Recovery (EOR). In the year 1977, this
concept of CCS was extended and first considered in the thermal power plants with an aim to
prevent CO, emissions into the atmosphere (IEAGHG., 2013). Since then, in the last four decades,

the growth in this technology has been quite volatile.
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In spite of that, it has been reported that by the year 2021, there are around 26 CCS plants
in an operationally active condition, 34 CCS plants in a developmental phase, 2 CCS plants
suspended operations and 4 CCS plants under construction around the world. A major portion of
this growth in CCS plant numbers was observed in the last three years alone (Loria and Bright.,
2021). This reveals that the concept of CCS is gaining more attention at present as a tool to mitigate
GHG emissions around the globe. The key reason behind this CCS growth is the recognition of
this technology as a sustainable alternative to integrate with thermal power plants for green energy
production. As per the Sustainable Development Scenario of IEA, around 70 -100 new CCS plants
are needed every year that can sequestrate 5,635 Mt per annum of CO> by the year 2050 in order
to limit GHG emissions (IEA., 2019; Townsend and Gillespie., 2020). Therefore, to make this
CCS process sustainable, researchers are focusing on the enhancement of process robustness and
efficiency.

1.3.2 Carbon capture and utilization (CCU)

The CO> sequestration is an intermittent solution, and it has the unavoidable drawback in
the form of leakage from geological storage units (Loria and Bright., 2021). The CCU addresses
this issue by utilizing the captured CO; to create valuable products and thus enables a more
economically attractive solution in terms of feasibility. The difference between CCU and CCS

from CO2 emitted facilities such as power plants is depicted in Fig. 1.6.

The idea of CCU actually started from the information obtained from the Keeling curve
that reveals the amount of CO; in the atmosphere changes that annually corresponding to the
seasonal variation of vegetation and the landmass difference between the southern and northern
hemisphere of the earth (Keeling CD., 1960; Keeling CD., 1976). A concept of planting crops with
C4 photosynthesis that enables higher CO> capture was then proposed further to utilize it for
biomass related applications such as production of biochar (Harris et al., 2018). Over the years,
the concept of CCU has further diversified and today the CCU technology is mainly distinguished
in two pathways (Assche and Compernolle., 2021). These are called direct use pathways and

indirect use pathways.
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Fig. 1.6 Outline of CO; sequestration and CO» utilization strategy in power plants (Source: Pillai
et al., 2022)

The direct use involves the utilization of captured CO: in those areas where the CO as a
molecule is not chemically altered. Some major examples of this include yield boosting
applications such as algae, fertilizer (urea) etc. and heat transfer fluid applications such as
refrigeration. On the other hand, indirect use pathways involve the utilization of captured CO: in
the fields where it is converted into chemicals such as polymers, fuels such as methanol and CHs
etc., building materials such as concrete or cement. The world’s first industrial scale, low cost
CCuU facility was built in Tuticorin, India in the year 2016 with an aim to capture nearly 60,000
tons of CO. annually from coal fired power plants and to utilize it for producing sodium carbonate
(soda ash) (Edie., 2021). However, most of the technologies linked with the development of CCU
strategies are in the early stages of research. Nevertheless, it is well argued that CCU strategy is
economically better than CCS, a major disadvantage with this is its capacity to store lower CO>
both in terms of duration and physical scale against CCS strategy. In the near future, it is quite
possible that the CCS and CCU technologies can co-exist and share a common infrastructure in
most of the industrial plants for CO2 mitigation (Tapia et al., 2016). Numerous, research works

were also carried out to integrate renewable energy technology based on wind and solar energy
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sources with CCU to establish a cost and eco-friendly energy supply system (Kim et al., 2019;
Mikulci¢ et al., 2019; Ravikumar et al., 2020).

1.3.3 Carbon capture and hydrogen cogeneration (CCHC)

Apart from CCS and CCU strategy, CCHC technique is also an attractive alternative that
can lead to a reduction of CO2 emissions and production of green fuel. Generally, in a conventional
hydrogen (H) production process, a CH4 reforming/coal gasification followed by a water gas shift
reaction was carried out to produce the H.. Apart from the Ho, the gaseous mixture produced at
the end of the process also consists of constituent gases such as CO2, CH4, hydrogen sulphide and
nitrogen (N2) etc. The H> was separated from other gases by means of H purification unit.
However, to enable carbon capture along with H> production, additional gas separation units must

be installed by which high purity H2 and CO- can be obtained.

As per the IEA report, in the year 2020, the pure H demand is at around 70 Mt per year
and most of it is produced from fossil fuels such as coal and natural gas. This makes the
conventional Hz production process emit a considerable amount of CO. (IEA., 2020b). H is going
to be a major source of fuel in the future, and it is predicted to replace fossil fuel completely,
especially in the transport sector in long term. Therefore, several research efforts are being carried
out by various countries to produce H via non-fossil fuel-based sources. The amount of H>
produced by gasification and electrolysis using renewable energy is expected to be between 12-
38% of total production by 2050. In contrast, fossil fuels will account for around 58-81% of H>
production by 2050 (Voldsund et al., 2016). In light of all the above arguments, producing Hz from

fossil fuels and capturing CO- can make this technology green and sustainable.

1.3.4 Carbon capture technologies and the concept of the calcium looping process

In the previous sections, the feasibility of various CO, mitigation strategies, such as CCS,
CCU and CCHC as well as their integration with thermal power plants, were discussed in general.
A CO> capturing system is an integral part of all these three strategies. The effectiveness of CO>
capture systems plays a very critical role in assessing the energy, ecological and economic
performance of the thermal plant. Numerous CO: capture technologies along with several
demonstration projects were investigated with an aim to capture CO2 from power plants on a
commercial scale (Rackley., 2010). Presently pre-combustion, post-combustion and oxy-fuel
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combustion are the most dominant CO> reduction strategies (Li and Fan., 2008; Miguez et al.,
2018).

The post combustion amine scrubbing with mono-ethanolamine (MEA) solvent was one
among the matured CO. capture technologies (MacDowell et al., 2010). However, the process is
expensive and solvent used is corrosive in nature are the major problems associated with this
technology (Supap et al., 2006; Fytianos et al., 2016). The oxy-fuel combustion technology has
enough technical competency for CO2 capture. In this process, the fuel was combusted in the
presence of oxygen and recycled CO». But the energy penalty associated with air separation system
(ASS) to generate oxygen makes this technology highly energy intensive (Xiong et al., 2014).
These unavoidable limitations indeed motivated the researchers to develop 2" generation CO;

capture technologies aiming at lower energy and economic penalties.

From the last two decades, researchers focused on development of novel chemical looping
technologies for CO- capture from thermal power plants. Currently, more attention is given to the
chemical looping combustion of fossil fuels using metal oxides as oxygen carriers for oxy-fuel
combustion and calcium looping technology for post combustion CO. capture as they have
indistinctive advantage of low efficiency penalty (Perején et al.,, 2016). Many successful
demonstration projects on calcium looping all over the world proved its viability as CO, capture
technology (Hanak et al., 2015). Its feasibility to retrofit the existing plants with less energy and
economic penalty along with plant load flexibility makes it one of the sustainable CO capture
options (Hanak and Manovic., 2017b; Dieter et al., 2014; Berstad et al., 2012; Berstad et al., 2014).
The concept of the calcium looping process was foremost proposed in the year 1999 (Duan et al.,
2016). In this process, lime is used as a regenerated sorbent to capture CO2 (Wu et al., 2017) as
shown in Fig. 1.7. The basis of this process is the equilibrium reaction between calcium oxide
(Ca0) and CO; that generates calcium carbonate (CaCOs) in the carbonator at a temperature
between 600 °C and 700 °C. The unreacted lean CO; flue gas was then separated and CaCOs
sorbent was transferred to the calciner to regenerate CaO and CO>. This calcination reaction occurs
in the temperature range of 850 °C to 950 °C (Zhai et al., 2016). The raw CO; collected can be
further compressed for storage. During this repeated carbonation-calcination cycle, a part of
deactivated calcium sorbent will be removed in the form of the purge. An equal amount of fresh

CaCOz will have to be added as a make-up sorbent to compensate for the deactivated calcium
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sorbents in the system (Wu et al., 2017). The kinetic reactions that occur in both carbonator and

calciner reactors (Zhai et al., 2016) are as follows:

Carbonator : Ca0O + CO, — CaCO3 AH,c0. = —178.9 % (1.2)

Calciner : CaCO3 = CaO + CO, AH,c0. = +178.9 % (1.2)

COz lean flue gas Raw COs stream

Calciner
850°C <Tear< 950°C

Carbonator
600°C <Tear< 700°C

Makeup CaCO ;|

Purge (deactivated CaO,
CaCQs, CaSOy and ash)

Fig. 1.7 Outline of calcium looping process (Source: Pillai et al., 2019)

1.4 Motivation behind the proposed research

From the above overview, it is clear that at present, and also in the near future, developing
countries such as China, India, and Brazil will rely heavily on fossil fuels for their power supply.
At the same time, India is also a signatory to the Paris Convention, and the policies and regulations
have to meet this international commitment. To satisfy the international commitment, it is critical
to determine the scope of CCS, CCU, and CCHC that are technically and economically appropriate
for India's rising power generation. Furthermore, as an agriculture based country, India produces
a substantial amount of biomass (a carbon neutral fuel) that can be used for rural electrification
through biomass based power plants. Coupling biomass power plant with CO2 capture is a
promising option to enable a ‘carbon neutral’ technology to a ‘carbon negative’ technology. This
will allow India to meet its GHG reduction targets while also supporting the rest of the world in
minimizing the threat of climate change caused by GHG. Research on the integration of CCS,

CCU, and CCHC with power plants has been undertaken over the years. However, there is still a
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scope for performance enhancement by designing effective integration and cogeneration schemes.
Further, limited studies are available in the literature on overall energy, exergy, cost and
environmental assessment of thermal power plants integrated with second generation CCS and
CCU technologies. To the best of our knowledge, no studies were reported on comprehensive
performance assessment of thermal power plants integrated with calcium looping for CO> capture.
Therefore, the main aim of the present research work is to propose novel thermal power plant
configurations using different fuels for sustainable power and valuable products cogeneration
along with CO; capture.

1.5 Objectives of the present work

A comprehensive literature review was carried out on sustainable thermal power
technologies in general and integration of second-generation CO. capture technologies with
thermal power plants in particular, to identify the research gaps. These were discussed in the next

chapter. Based on the identified research gaps, the following objectives were formulated.
To propose a CCS, CCHC and CCU strategies for biomass, coal and natural gas fired power plants.

1. To synthesis and develop novel double calcium looping integrated coal, biomass and
natural gas fired combined cycle power plants.

2. To explore the possibility of H> coproduction from double calcium looping integrated coal
fired power plant and to evaluate its performance.

3. Tointegrate the solar energy coupled dimethyl ether (DME) production process and double
calcium looping integrated natural gas fired combined cycle power plant for CCU.

To perform theoretical investigations of the above-mentioned configurations by using
thermodynamic based methods with energy and exergy approaches:
1. To determine the mass, entropy, energy and exergy inputs and outputs to the system and
from the system for each component, subsystem, as well as the overall system.
2. To investigate the energy and exergy losses of each component, subsystem and overall
system.
3. To calculate the energy and exergy efficiencies of each subsystem and system.
4. To carry out parametric studies to investigate the effect of important variables on system

performances.

17



5. To perform an exergoeconomic analysis to determine economic competitiveness and
viability.
6. To assess the proposed configurations based on the energy, exergy, environmental and

economic parameters.

1.6 Organization of thesis

The current thesis is composed of 5 chapters starting from the overall context of the work
to its comprehensive conclusions and future perspectives. The content of these chapters is

explained briefly as shown below:

Chapter: 1: This chapter describes the general aspects and the importance of the area of research
work. It provides the general information of the origin and current status of the power plants that
plays a major role in the energy sector of India and the world. It further elaborates concern of the
greenhouse gas emissions by this energy sector and the importance of CCS, CCU and CCHC as a
possible solution to curb it. Atthe end, it illustrates the motivation derived from overall discussion

for this research work along with the proposed objectives.

Chapter: 2: A detailed literature review of different CO> capture technologies, calcium looping
configurations integrated with power plants for CCS, calcium looping configurations integrated
with power plants for CCHC as well as comparative performance of various CO2 utilization
technologies for CCU is reported in this chapter. It concludes by identifying the scope and research

gaps from the literature review.

Chapter: 3: This chapter discusses the overall methodology, system description, analysis and
modelling techniques that were used to carry out the studies for the accomplishment of the desired
objectives. The formulae used to determine the energy, exergy, cost and environmental parameters
were discussed in detail in this chapter. It also consists of the details of the data of validation results

and operation conditions used for developing the aspenONE flowsheet models.

Chapter: 4: In this chapter, the developed biomass, coal, and natural gas fired power plants
integrated with calcium looping were analyzed in terms of energy, exergy, environmental, and
economic parameters. The performance of the proposed configurations was compared with
conventional power plants. Further, the results obtained from the newly derived coal fired power

plant configuration for CO capture with coproduction of electricity and H, were compared against
18



a conventional calcium looping gasification and electricity coproduction configuration. In the
context of CCU strategy, natural gas fired combined cycle integrated calcium looping power
plants, coupled with conventional and solar energy DME production plants for CO: utilization,
were also discussed. At the end, a comparative performance assessment of all the efficient calcium
looping integrated power plants as a part of CCS, CCHC and CCU were discussed.

Chapter: 5: The overall conclusions drawn from this research work is illustrated in this chapter.

The potential scope to extend this research work for future study is also included in this chapter.
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CHAPTER 2
LITERATURE SURVEY
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Chapter 2

Literature review

The Chapter 1 emphasized the importance of integrating CCS, CCU, and CCHC
technologies with thermal power plants in order to mitigate CO2 emissions. In this chapter, a
review of the existing CO. capture and utilization technologies is presented along with the
identified research gaps. The chapter is mainly divided into five sections. Section 2.1 provides an
overall view on available CO; capture technologies with main emphasis on the working principle,
integration feasibilities, technology readiness level, etc. Section 2.2 describes an overall view of
different configurations adopted in calcium looping technologies for CO, capture. A comparative
performance assessment of several calcium looping configurations developed over the years for
various types of plants and fuels is included in this section. A review of different calcium looping
based technologies for H2> and power co-production along with CO- capture is presented in section
2.3. In section 2.4, literature review on the different processes that use CO; as a feedstock for DME
synthesis is presented. At the end, the identified research gaps from the presented literature were

highlighted in section 2.5.

2.1 Studies on carbon capture technologies

The origin and significance of CO- capture technologies has been described in Chapter 1.
In this section, different CO> capture technologies under the classification of pre-combustion, oxy-
combustion and post combustion are reviewed in detail. The presented literature helps to identify

potential CO- capture technologies that can be effectively integrated with thermal power plants.
2.1.1 Pre-combustion COz2 capture

Pre-combustion CO> capture is a technique where CO: is captured before the combustion
process takes place, as shown in the Fig. 2.1. In this technology, the fuel is first converted into a
combustible gas (syngas) that consists mainly of H> and CO gases. Steam reforming process is
used to convert solid fuels such as coal and biomass, and partial oxidation process is used for the

liquid and gaseous fuels. The corresponding reactions are as follows (Sifat and Haseli., 2019):

Steam reforming: CxH, + xH,0 - xCO + (x + %) H, (2.1)
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Partial oxidation: CyH, + 202 - xCO + (%) H, (2.2)

The CO gas produced during these processes is further converted into CO> by using steam
in the water gas shift reaction, resulting in more H, production as shown in Equation 2.3.

Water gas shift reaction: CO + H,0 < CO, + H, AH,c0, = —50.1% (2.3)

Since this water gas shift reaction takes place at high pressure (Van Dijk et al., 2014; Sato
T et al., 2004), it further enables the separation of the CO, at ambient temperature. The remaining

gases (mainly Hy) are then sent for combustion to generate power in the power plant.

Syngas (CO+ Hy) H__, Power plant
2
: 4 | A
Solid fuel —» Steam v
reforming
—_ -
Steam \_ J Water gas ElECtI’ICIty
shift reaction
( ) Steam
0, —» Partial
oxidation
Liquid or —»
gaseous N ~ CO; €O
| Syngas (CO+ Hy) ——>| compression
fuel o
sequestration
or utilization

Fig. 2.1 General layout of pre-combustion CO> capture process (Source: Madejski et al., 2022)

Generally, most of the research work in pre-combustion CO2 capture technology has been
carried out on natural gas fired power plants. This is because other fuels such as coal or biomass
require additional separation schemes to remove other contaminants produced during the
gasification process (Jansen et al., 2015). A significant number of studies have been carried out in
this area that reveal the potential and drawbacks of its integration with various power plants.
Romano et al., 2010 integrated an auto thermal reforming-based pre-combustion CO; technique
with the natural gas fired combined cycle power plant. It was found out that almost 91.6% of CO>

was successfully captured, but the net energy efficiency of the integrated configuration was 8%
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less than the reference natural gas fired combined cycle power plant. Moioli et al., 2014 carried
out a thermodynamic performance assessment of air-blown gasification-based pre-combustion
COztechnique integrated with an IGCC power plant. The results revealed that the energy penalty
of the integrated configuration was 6.1% without CO2 compression unit (CU) and 9.5% with CU
with a CO- capture efficiency of around 87%. The research works from Romano et al., 2010 and
Moioli et al., 2014 indicate that the pre-combustion CO> capture technology enables high CO-
capture efficiency but at the expense of a high energy penalty. This is mainly due to the energy
losses incurred during the chemical reactions in the overall CO. capture process. This ultimately

induces a high economic cost to the power plant when integrated with this CO2 capture technology.

A number of research investigations have been carried out to understand its economic
aspect and scope for further improvement needed in this area (Franz et al., 2014, Xin et al., 2020,
Roussanaly et al., 2020; Thimsen et al., 2011). Jansen et al., 2015 carried out a review on pre-
combustion CO: capture technology and discussed in detail about the various advancements that
have been carried out in this area. It was concluded that over the last decade, the development of
pre-combustion CO> capture technology was very limited because most of the research was

focused on post combustion CO> capture technology for the natural gas and coal fired power plants.
2.1.2 Oxy-combustion COz2 capture

Oxy-combustion CO: capture technique is a method where fuel combustion happens in the
presence of pure oxygen. A layout of this CO. capture process is shown in Fig. 2.2. In this
technology, the oxygen is initially separated from other constituent components of the air by means
of an ASS. The obtained pure oxygen is then sent for combustion with fuel in power plants. The
products (flue gas) formed after combustion are mainly CO», water vapor and ash (in the case of
coal, biomass etc.). At the end, the COz is captured after removing the ash and water vapor by
using an ash remover and CO2, compression system. A part of the flue gas before compression is
recycled back to the combustion chamber. It helps to regulate the flame temperature inside the

combustion chamber as per its metallurgical constraints (Wu et al., 2018).

The Oxy-combustion CO> capture technique was adopted initially in industries with an
objective to send N2 free air that further enhances the performance in terms of energy consumption

and productivity (Dugue., 2000; Charon., 2000). This is because a considerable amount of thermal
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energy meant to be carried away by the flue gas gets lost in heating the N2, and the formation of
NOy after combustion becomes an environmental concern (Gaber et al., 2021). This technology
was later adopted for CO, capture in power plants and over the years it has been successfully
demonstrated via large scale projects across the world to capture around 90% of the produced CO-
emissions (Komaki et al., 2014; Koohestanian and Shahraki., 2021).

N2, CO; etc. Fuel Electricity
T < l Thermal
_ Air separation | O, . energy Steam or gas
Air — Combustion | ------_ g
system (ASS) based power
J generation

plant

A led
CO2 compression Recycle Flue gas
system fluegas

</ "Ash free flue| Ash remover
H,0 J gas system

Concentrated CO- sent for
sequestration or utilization

—» Ash out

Fig. 2.2 General layout of oxy-combustion CO> capture process (Source: Zheng and Liu., 2017)

Contrary to the pre-combustion CO capture technology which is preferred mostly for
partially or completely natural gas fired power plants, a major advantage of the oxy-combustion
CO- capture technology is that it can be easily retrofitted in all the fuels i.e., coal, biomass and
natural gas fired power plants (Buhre et al., 2005; Valero and Uson., 2006; Khallaghi et al., 2020).
However, a significant drawback in this technology is its use of an ASS that imposes almost 3 to
4% of energy penalty when integrated with the conventional power plants (Shah et al., 2013). This
in overall, contributes as a major negative impact on the performance of the oxy-combustion CO>
integrated power plants whose total energy penalty lies in the range of 7 to 11% (Escudero et al.,
2016). Also, the need of a cryogenic-based refrigeration unit makes this technology economically
less attractive (Mehrpooya et al., 2019). Therefore, in order to reduce the energy and economic
penalty associated with the ASS of the oxy-combustion CO; capture technology, various research

works are being carried out in this particular area (Pfaff and Kather., 2009; Brigagdo et al., 2019).
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2.1.3 Post-combustion CO: capture

Post combustion CO> capture is a technique in which the CO; is separated from the flue
gas after the combustion of fuels such as coal, natural gas or biomass. A layout of this CO» capture
process is shown in Fig. 2.3. In this technology coal, biomass or natural gas is combusted in the
presence of air. The exhaust flue gas after energy recovery is sent to the CO, capture system. A
majority of CO. gas present in the exhaust flue gas is separated and then passed to the CO;
compression system for compression while the lean flue gas is emitted into the atmosphere. The
concentrated CO2 gas is at last sent for sequestration or utilization.

Lean flue gas to
atmosphere «—

-

Coal, biomass HRSG and

Combustion | Flue gas . Flue CO2 capture
Air chamber steam system
" turbines gas y
A
Electricity«—{ Generator EX: Concentrated
o> CO2 gas
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Natural gas .
_ Combustor | F1U€935|  Gas turbine CO2 compression
___AIr system

Concentrated CO- sent for )

sequestration or utilization

Fig. 2.3 General layout of post-combustion CO> capture process (Source: Koohestanian et al.,
2021; Metz et al., 2005)

Among all the three CO, capture technologies, post combustion COz capture technology is
mostly preferred as compared to pre and oxy combustion CO, capture technologies. This is
because of its ‘end of pipe’ concept (Wang et al., 2017) is seen as a more viable option that can be

adopted in all the existing coal, biomass and natural gas fired power plants as well.

Numerous research works are being carried out to identify and explore the feasibility
options of various post-combustion CO> capture methods (Chao et al., 2021). The most dominant
and mature post-combustion CO, capture technology at present in the market is based on
absorption of CO; using solvents such as amine scrubbing (Leung et al., 2014). However, these

first-generation technologies have the following major bottlenecks: solvent degradation,
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equipment corrosion, high energy penalty and high operational cost (Aaron and Tsouris., 2005;
Chi and Rochelle., 2002; Aroonwilas and Veawab., 2007). Goto et al., 2013 carried out a review
to understand the energy penalties of various post combustion CO> capture technologies integrated
with coal fired power plants. It was observed that the energy penalty in most of the post combustion
CO- capture technologies ranges (with CU) in between 8% and 12%. The review also stated that
when solid sorbents-based CO- capture system was integrated to a 430 MW coal fired power plant,
the electricity generation reduces to 346 MW only. On the other hand, when a MEA based CO;
capture system was integrated with that same coal fired power plant, the net power output was
reduced to 303 MW. This reveals that the performance of solid sorbents for CO, capture are

superior as compared to the solvent-based methods.

The chemical and calcium looping technologies have become attractive options to capture
CO: from thermal power plants because of their salient features such as easy retrofitting, low cost
and less energy penalty. Both these second generation technologies have emerged as prominent
options to capture CO at large scale (Fennell and Anthony., 2015). However, some key
advantages of calcium looping over chemical looping technology are the abundant sorbent
availability at low cost especially in countries such as India and utilization of deactivated sorbent
in other applications (Annual Report., 2017; Indian Bureau of Mines., 2017; Telesca et al., 2014).
These features enable calcium looping technology as an attractive option to capture CO2. However,
there is still significant scope towards the development of efficient solid sorbents and technology

integration with power plants to reduce the efficiency penalty.

2.2 Studies in calcium looping technologies for carbon capture

The general working principle of calcium looping process has already been explained in
Chapter 1. A detailed review of the studies conducted to improve the performance of calcium
looping configurations and their integration with coal, natural gas, and biomass fired power plants

is presented in this subsection.

The concept of calcium looping process for CO» capture was foremost proposed in the year
1999 (Shimizu et al., 1999). There have been numerous technological improvements since then,
making this option one of the potential alternatives for capturing CO, from power plants. A major

issue with this technology is the short lifetime of sorbent because of its high deactivation rate, but
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this deactivated sorbent can be reused as construction material (Markewitz et al., 2012). Most of
the current research is focused on enhancement of sorbent performance and effective integration
of calcium looping technology with power plants. Reactivation by hydration and development of
synthetic sorbents seem to be prominent options to improve the reactivity and cyclic stability of
sorbent (Blamey et al., 2010; Liu et al., 2012; Manovic and Anthony., 2010; Li et al., 2009).
Hydration is a process where steam is used to improve the morphological features of sorbent
particles in terms of surface area and pore size distribution. This can be achieved through the
penetration and reactivation of the inner core of the spent sorbent by steam.

This process of reactivation saves cost and also improves SO, or CO> absorption capacity
of the sorbent (Montagnaro et al., 2004; Montagnaro et al., 2006; Montagnaro et al., 2008).
However, a major drawback with this process is its higher tendency for attrition of the particles
due to poor connectivity and mechanical resistance (Coppola et al., 2014). Another way to reduce
the susceptibility of CaO-based sorbent to sintering is by improving the sorbent stability. This can
be achieved by high-active synthetic sorbents that are produced by doping of inert and refractory
materials like Al203, MgO, La>03z, TiO2 and SiO> to CaO based sorbents. The sintering resistance
of an inert support is dependent upon the specific BET surface area, melting point and dispersion
of the inert material in the sorbent (Hu et al., 2016). Generally, the investigation of reactivity decay,
CO2 sorption capacity and morphological behavior of sorbents (both natural and synthetic) are
studied by analyzing its chemical interactions and crystalline phase changes that take place during
subsequent intervals of calcination-carbonation cycles. Thermogravimetric (TGA), X-ray power
diffraction (XRD) and scanning electron microscope (SEM) are some of the techniques that are
used to study the behavior of sorbents in calcium looping (He etal., 2017; Wu et al., 2010; Benitez-
Guerrero et al.,2018).

A compromise must be arrived between improving the sorbent performance and increasing
its cost, which means a relatively practical, scalable, and inexpensive method for long term
reactivity of sorbents, should be found. Li et al., 2009 proposed a calcium sorbent which was
prepared by rice husk ash and CaO hydration together. The synthetic sorbent exhibited higher
carbonation conversions and less sintering effects as compared with natural CaO sorbent. The
above studies signify the possibility of realizing enhanced sorbent performance, and thus positions

the concept of calcium looping CO> capture integrated power plants a step ahead as compared to
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power plants integrated with other CO. capture technologies, especially in countries such as India,

which are self-sufficient in limestone deposits and available at low market cost.

Several intensification strategies have also been proposed in the last decade for reducing
calcium looping technology’s energy penalty by (i) minimizing the ASS power consumption, (ii)
eliminating the ASS requirement and (iii) retrieving the maximum possible thermal energy. A
summary of various research works on the post combustion calcium looping configurations
integrated with different plants for CO> capture is highlighted in Table 2.1. Most of the energy
integrated schemes demonstrated are based on Oxy-Cal in which an ASS is an essential component
(Berstad et al., 2012; Zhang and Liu., 2014; Mantripragada and Rubin., 2014; Duan et al., 2016;
Hanak and Manovic., 2016). He et al., 2017 carried out research work to assess the effect of ash
on calcium looping technology. The chemical interaction of sorbents with ash in calcium looping
technology reveals that the ash creates a blockage in the pores of sorbents and thus restricts its
ability to capture CO.. In addition, it also results in higher energy consumption in calciner. The
study reveals that higher ash content in coal results in lower CO2 capture and a higher energy

demand in calcium looping technology.

Table 2.1 Literature on post combustion calcium looping configurations integrated with different
plants for CO- capture

Fuel Calcium o
Plant type _ Highlights Source
used | looping type
Natural gas i
fired Performance assessment of six energy
ire
_ Natur integration strategies was examined. Berstad et
combined Oxy-CaL
al gas Energy penalty (%): 10 - 12.5 al., 2012
cycle power o
CO- capture efficiency (%): 90.3 - 92.4
plant
An analysis of lignite (coal) based fired
Coal fired power plant integrated calcium looping | Vorrias et
Coal Oxy-CaL
power plant was presented. al., 2013
Energy penalty (%): 4.96
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Coal fired

power plant

Coal

Oxy-CaL

Coupled the concentrated solar power
(CSP) with calcium looping integrated
coal power plant to reduce fossil fuel
energy. A higher overall energy penalty
(9.63%) was observed due to lower CSP
efficiency.

Zhang and
Liu., 2014

Coal fired

power plant

Coal

Oxy-CaL

A comparative  techno-economic
assessment of calcium looping and MEA
integrated power plant was done. The
energy penalty of MEA integrated power
was found to be 11%, as compared to
conventional coal fired power plant.
MEA regeneration is an energy intensive
process mainly responsible for higher
energy penalty. However, the calcium
looping integrated power plant has only

3% energy penalty.

Mantripra
gada and
Rubin.,
2014

Coal fired

power plant

Coal,
CHa

Ca-Cu

looping

Ca-Cu
process was integrated with coal fired

looping based CO> capture
power plant and compared against
calcium and amine based coal fired
power plant. Energy penalty of Ca-Cu
looping based CO; capture was found to
3.5%,

economic analysis is not done.

be the lowest, i.e., however,

Ozcan et
al., 2015
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The performance of a conventional
calcium looping integrated coal fired
power plant was analyzed with/without
] the recarbonation process. The net
Coal fired o Duan et
Coal Oxy-CaL | energy efficiency of the proposed
power plant _ _ ) ) al., 2016
configuration  (with  recarbonation
process) was found to be 3.53% higher
than the conventional calcium looping

integrated coal fired power plant.

Integrated solar energy with calcium
looping and coal fired power plant. The
finding revealed an energy penalty of
Coal fired 13.44% as compared to conventional | Zhai et al.,
Coal Oxy-CaL ) )
power plant coal fired power plant. High energy 2016
consumption by ASS and CO:
compression system are the major

reasons.

Replaced the conventional steam cycle
with  supercritical CO. cycle and

) _ _ ) ) Hanak and
Coal fired integrated with calcium looping for CO- )
Coal Oxy-CaL Manovic.,
power plant capture. Overall energy penalty reduced 2016
by 1% as compared to calcium looping
integrated coal fired power plant.
Proposed a novel scheme of calcium
Double looping for CO> capture from a typical )
) ) ) Diego et
Cement plant | Coal calcium cement plant. The configuration L 2016
al.,

looping effectively captures 94% of CO. and

eliminates the use of ASS.

On the other hand, the Ca-Cu looping and double calcium looping eliminates the use of

ASS and thus have the potential to reduce the energy penalty significantly (Ozcan et al., 2015;
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Diego et al., 2016). However, the advantage of double calcium looping over Ca-Cu looping is its
ability to operate with single sorbent (calcium) that is widely available at low cost in many
countries. This innovative approach endorses the double calcium looping configuration as an
attractive alternative for CO. capture at bulk scale from power plants and other industries. It should
also be noted that apart from the various energy integration strategies, the chemical properties of

fuel also play a key role in overall plant performance, as indicated by Vorrias et al., 2013.

2.3 Studies on calcium looping for carbon capture and hydrogen production

It is most certain that H, is going to become a primary source of fuel in the future. At
present it is used in a wide number of industries that deal with fertilizer production, electronics
and petrochemicals (Ramachandran and Menon., 1998). Generally, in a conventional process, the
H: is produced from fossil fuels by means of steam reforming, partial oxidation and water gas shift
reactions, as explained in section 2.1.1. The production of Hy in the pure form requires additional

process steps for purification and storage.

Since CO; capture in a CCS strategy is a cost intensive process, the concept of producing
H> along with CO. capture drives the whole process towards a more economically feasible
solution. Apart from the CO> capture along with power production, calcium looping also provides
an option to co-produce H> (Hanak et al., 2018). It has also been observed that cost and energy
consumption incurred in process of Hz production via calcium looping technology is considerably
less as compared to the conventional H> production process (Connell et al., 2013; Wu et al., 2019).
Although, the process of calcium looping based H> production technology is classified as an
advanced application; the literature review indicates that this process of Hz production was
patented in the year 1931 (Dean et al., 2011). Over the last decade, most of the research in calcium
looping has been focussed mainly in enhancing its feasibility to capture CO,. However, some
studies have also been carried out to co-produce H> along with CO> capture. A summary of the
studies that were carried out for CO> capture and H> coproduction via calcium looping is given in
the Table 2.2.

HyPr-RING is a patented technology developed in the early years of the 20" century in
Japan that proposed the use of CaO to produce H. from hydrocarbons for power generation and

simultaneous separation of the CO. effectively (Lin et al., 2002). This innovative approach
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endorses the calcium looping configuration as an attractive option for CO2 capture at bulk scale
from power plants along with Hz co-generation. The early studies, which investigated the potential
of Hz production via calcium looping using coal, biomass, and natural gas as raw materials, are
reviewed by Florin and Harris., 2008; Dean et al., 2011. These reviews concluded that, more
emphasis is needed on sorbent cyclic stability enhancement to make this technology viable. Over
the last decade, several research works focused on synthesis of novel CaO based sorbents to
enhance the structural stability, CO> capture efficiency and H> production rates (Zhao et al., 2014;
Zhou et al., 2019; Ma et al., 2021). Energy integration also has a vital role in improvement of
overall plant performance. A considerable number of energy integration strategies have also been
proposed to enhance the energy efficiency. Chen et al., 2011 proposed a calcium looping based
novel reactor configuration involving a compact fluidized bed for CO> capture and H:
cogeneration. The parametric study revealed that the H> production rate and purity were reduced
when pressure was increased from 1 bar to 10 bar. Shaikh et al., 2022 proposed a biomass-based
calcium looping configuration for power generation and Hx production to achieve a net zero or
negative CO> emission. The results indicated that coproducing H. along with CO> capture is a
more promising and market friendly approach than the calcium looping configuration that only
captures CO- in a power plant. Both the schemes mentioned above require pure O to function and

needs an ASS that consumes more energy.

The concept of calcium-copper based looping configuration for CO, capture and H> co-
generation described in the literature by Abanades et al., 2010; Martinez et al., 2013 and Fernandez
and Abanades., 2017 operates without an ASS. The cyclic oxidation-reduction reactions (by
copper) of the chemical loop integrated along with calcium loop successfully helps to eliminate
the requirement of ASS and reduce the energy penalty. However, it should be noted that the cost
of copper used in the corresponding technology imposes an additional burden economically.

2.4 Studies on CO2 utilization

The power production from thermal plants can be more attractive if the captured CO: is utilized
for production of value-added chemicals rather than just sequestration (Wang and Demirel., 2018).
The COy utilization strategies have been explored widely for production of different useful
chemicals, however most of these strategies are not fully matured (Dutta et al., 2017). The studies

showed that the chemical and oil industry has the highest market potential for CO. utilization.
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Table 2.2 Summary of different calcium looping configurations for H, co-production

along with CO; capture

Source Fuel used Highlights
Developed an innovative Hz production process that involves
) a calcium sorbent in a chemical loop. The experimental study
Lin et al., 2002 Coal ) _ )
proved that this process is better than other conventional
ways of Hz production.
) A review of calcium looping based H. production using
Florin and ) ) S ) .
) Biomass | biomass was done in this article. The sorbent cyclic stability
Harris., 2008 o )
enhancement is still a challenging task.
The authors reviewed the performance of calcium looping for
Coal H> production and/or CO; capture in the power plant and
oal,
Dean et al., i cement industries. It was concluded that calcium looping
iomass, )
2011 Natural could prove to be a low-cost technology for Hz production
atura
and CO capture. Yet, improvements need be made to
gas - .
enhance the regenerability of the sorbent for multiple cycles.
Abanades et al., Natural Proposed a concept of calcium-copper based loop for H;
atura
2010 production along with CO: capture. An experimental
gas . T -
investigation is needed to assess the feasibility of the concept.
Proposed a novel reactor configuration that works on calcium
Chenetal., Coal looping for CO, capture and Hz cogeneration. It was also
oa
2011 found out that the H, production yield decreases as the
operating pressure increases.
Integrated the calcium copper loop with natural gas fired
combined cycle power plant for Hz production and CO>
Martinez etal., | Natural | capture. An efficiency penalty of 8.1% was observed with a
2013 gas CO; capture efficiency of 90% when compared with the

conventional natural gas fired combined cycle power plant.
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A thermodynamic assessment was carried out for three

process models based on calcium looping, conventional

Coal, natural gas reforming and coal gasification technologies for
Connell et al., _ o _ ) )
2013 Natural | H2 production and electricity generation. Using calcium
gas looping based process model, the cost of Hz production and
electricity generation was 9 -12% less than that of CO:
capture and Hz production with other process models.
] A review on calcium copper looping process was carried out
Fernandez and ) o _
Natural | for the production of H, and/or electricity generation. It was
Abanades., ) o S
2017 gas observed that further investigation is needed to identify the
best suitable synthetic sorbent on a commercial scale.
Coal The feasibility of H. production from the calcium looping
Oa ! - - - -
process was discussed as a part of the review in this work. It
Hanak et al., Natural ) ) ) )
was noticed that the calcium looping based sorption enhanced
2018 gas, ]
) steam reforming as a competent technology for H:
Biomass )
production.
An experimental investigation of calcium looping for high
Coal purity Hz production and CO> capture was done in this work.
oal, . .
Wu et al., 2019 i The results revealed that a significant amount of energy
iomass
consumption can be reduced at optimal desorption and
sorption temperatures.
Economic analysis of calcium looping process model for the
Shaikh et al., i production of electricity and H, was carried out using
iomass
2022 biomass as a fuel. The use of biomass in calcium looping lead

to zero or net negative CO2 emissions.

Several products such as methanol, oxy-methylene ethers, and DME can be made by
utilizing the captured CO> from various plants (Koytsoumpa et al., 2018). Further, these products
can also be utilized as feedstocks for synthesizing different chemicals, for example, DME can be
used as a feed for producing methyl acetate, methyl sulfate, and green gasoline—based
hydrocarbons, similarly methanol can be used to produce methyl tert-butyl ether, acetic acid,
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olefins, etc. (Lee et al., 2021., Kung et al., 1994). Presently, the synthesis of DME with CO>
utilization has gained a lot of attention, because it can be effectively utilized as an alternative fuel
due to the following advantages such as better lower heating value (LHV) against methanol and
ethanol and have high cetane number as compared to conventional diesel (Prasertsri et al., 2016;
Park and Lee., 2014).

Generally, in a conventional process, the production of DME is carried out in two steps. In
the first step, methanol is generated using syngas. Subsequently, methanol is dehydrated to
produce DME (Lebarbier et al., 2012). However, a major drawback in this conventional process is
the deactivation of the hydrophilic natured solid catalyst (gjamma aluminum or modified gamma
aluminum) that is used for methanol dehydration (lvanova et al., 2015). This ultimately increases
the overall cost of the conventional process. Dry reforming is a method that eliminates the complex
methanol synthesis step by converting the gaseous mixture of syngas to DME directly (Schakel et
al., 2016).

Various research articles demonstrated the ability of dry reforming process for the
production of synthetic diesel, gasoline, H etc. (Er-Rbib et al., 2012; Sun et al., 2011; Wang and
Wang., 2009). Gangadharan et al., 2012 carried out an investigation to assess the economic and
ecological impact of dry reforming in combination with steam reforming of CHa4. The results
revealed that the combination of steam reforming and dry reforming of CHs is a more
environmentally friendly approach as compared to standalone steam reforming of CH4. However,
more emphasis is needed to identify suitable catalysts that can improve the reforming efficiencies,
reduce utility costs and CO. emissions. Luu et al., 2016 studied the direct CH4 reforming process
and bi-reforming process and compared these processes with the auto-thermal reforming process
for the production of DME. For the same amount of CO utilization, the CH4 feed intake in direct
CHgs reforming and bi-reforming processes was 22.3% less as compared to the auto-thermal

reforming process.

DinAli and Dincer., 2019b carried out a performance assessment of a cogeneration system
integrated with solar energy for DME production and electricity generation. A chemical absorption
method and a carbon hydrogenation process were used in this configuration to capture the emitted

CO2 and DME production, respectively. The overall energy and exergy efficiency of the integrated
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system were found to be 28.75% and 32.54%, respectively. Similarly, a number of studies have
also been reported with an aim for cleaner production of DME using solar energy (Martin., 2016;
DinAli and Dincer., 2019a; DinAli and Dincer., 2019c). The above studies clearly reveal that the
dry reforming based DME production is an energy-efficient. Also, integrating the DME production
process with renewable energy technologies such as solar energy enables the entire process to be
an environmentally friendly option. Therefore, it can be considered as a potential CO> utilization

strategy to integrate with thermal power plants for sustainable power production.

2.5 Gaps identified in the literature
The literature review assisted in identifying the following research gaps:

1. Biomass is a potential fuel source for low capacity and grid independent power plants. The
potential for electricity generation in rural regions using agricultural biomass as fuel, such as
bagasse, is immense. Further, integration of this power plant with CO> capture and utilization
technologies can make this configuration as carbon negative process. Preliminary studies are
available in the literature on the use of calcium looping technology for CO2 capture from
biomass combustion. To make this technology sustainable and feasible at small scale power
generation, an efficient integration of the fuel combustion, power cycle and CO. capture

modules is necessary along with the energy, exergy, environmental and cost analyses.

2. The calcium looping CO> capture technology integration with coal-fired power plants is
explored in the literature. However, feasibility study of different calcium looping technologies
integration with coal-fired power plants, detailed analyses and performance comparison based
on energy, exergy, environmental and cost parameters is not performed. In addition to CO>
capture, there is potential to incorporate a H2 production scheme in calcium looping integrated
coal fired power plant. There have been limited studies that incorporated calcium looping
technology for H. and electricity co-generation, as well as CO> capture. Further, there are no

studies on double calcium looping integrated H, production using coal gasification.

3. In the literature, no studies have evaluated the performance of a natural gas fired combined

cycle power plant integrated with different calcium looping technologies. An effective
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integration of calcium looping technology with natural gas fired combined cycle power plant

can be explored.

4. The literature study clearly suggests that dry reforming based DME production that utilizes
CO- can be integrated with gas fired power plants. It also demonstrates that integrating this
DME production unit (DPU) with solar energy could be an energy and environmentally
friendly option. In this perspective, there is a great potential to propose a CO. utilization
scheme by coupling a dry reforming based DPU and solar energy with the calcium looping

integrated natural gas fired combined cycle power plant.

It is clear from the literature that there is a lack of studies on detailed performance
assessment of biomass, coal, and natural gas power plants integrated with different calcium
looping technologies based on energy, exergy, environmental, and economic factors. Development
of novel cogeneration configurations and evaluating their performance against conventional power
plant configurations will result in the utilization of these technologies in thermal power plants for

the production of sustainable energy from biomass, coal, and natural gas.
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Chapter 3
Methodology

This chapter aims to present a detailed description of the modeling and simulation
methodologies used in order to achieve the objectives identified in the previous chapter. Section
3.1 describes the methodology adopted for the design of coal, biomass and natural gas based power
plant configurations, which are integrated with CO capture and utilization processes. The
necessary unit models required to design the power plant configurations are simulated and
validated against the literature results. By systematic integration of these unit models, different
power plant configurations have been synthesized to explore the advantages of CO> capture, CO>
utilization and cogeneration schemes. The conventional coal, biomass and natural gas fired
combined cycle power plant configurations from the literature are reproduced and considered them
as reference cases in the comparison studies. Section 3.2 presents the assumptions and
mathematical equations used to evaluate the performance of the proposed configurations based on

energy, exergy, environmental, cost and exergoeconomic analysis.

3.1 Systems description

As part of this project, different flowsheet configurations were constructed for coal,
biomass and natural gas fired combined cycle fired power plants. Simulation environment,
aspenONE v10.0, is used to develop plant layout, operating conditions (temperature, pressure,
flow rates, fuel composition and unit efficiency) and key parameters. The conventional power
plant configurations are simulated using the appropriate models and data from the published
literature. The different plant types considered in the present study are grouped into the following

five categories:

Category 1: Calcium looping for CO2 capture in biomass fired power plants

Category 2: Calcium looping for CO> capture in coal fired power plants

Category 3: Calcium looping for CO2 capture in natural gas fired combined cycle power plants
Category 4: Calcium looping for CO2 capture, H2 and electricity coproduction in coal fired power

plants

39



Category 5: COg utilization in double calcium looping integrated natural gas fired combined cycle

power plants

Each category involves different cases defined as per the need of the objective, which are
discussed in the below subsections. Steady-state simulations of all the cases of these categories are

conducted with suitable models using aspenONE v10.0.
3.1.1 Category 1 — Calcium looping for CO2 capture in biomass fired power plants

In this section, a step by step methodology was followed to derive three different biomass
fired power plants configurations. First, double calcium looping and an organic rankine cycle
(ORC) process flowsheets were simulated using aspenONE and validated with data published in
the literature. Using these validated models, standalone biomass fired power plant (BFPP1) and
calcium looping integrated biomass fired power plant configurations were synthesized. In the
present study the biomass combustor was not integrated with gas turbine cycle because the
configuration was designed at near atmospheric pressure. Further, the proposed grid independent
power plant configurations operate is designed at near atmospheric pressure and operates at low
capacity by utilizing the biomass available in rural areas. The amount of heat energy generation
with such low fuel feed rate in the biomass combustor is more suitable to drive an ORC rather than
a steam turbine. Similar studies on integration of ORC with biomass combustion are available in
the literature (Al-Sulaiman et al., 2012; Quoilin et al., 2013; Ahmadi et al., 2013).

3.1.1.1 Model validation

Due to the lack of literature data for integrated calcium looping biomass fired and ORC
based configurations, individual modules were validated separately and then integrated
appropriately. The double calcium looping and ORC process unit models are adopted from Diego
et al., 2016 and Ozdil et al., 2015 respectively. Fig. 3.1 and Fig. 3.3 show the process flowsheets
for the double calcium looping and ORC unit models, respectively. The simulated results of these
configurations and validation with source models are presented in Table 3.1 and Table 3.2. All
the results indicate that the deviation is well in between + 4%. Thus, the simulated results are in
good agreement with the configurations obtained from the literature. The double calcium looping

unit model is simplified into conventional single calcium looping model as shown in Fig. 3.2 by
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eliminating the indirect heat transfer loop between combustor and calciner as shown in Fig. 3.1.
This single calcium looping unit model is simulated by considering all other parameters as double
calcium looping unit. The various models are then systematically integrated in terms of mass and

energy to come up with effective power plant configurations, with or without CO> capture.
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............. » | Steam Mixer
............. » | Flue gas v Cyclone separator

Fig. 3.1 Schematic layout of the double calcium looping configuration (Source: Diego et al.,
2016)
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Table 3.1. Validation of double calcium looping system based on main stream parameters

Stream ID | Source model ASPEN Source ASPEN
model model model
Temperature | Temperature | Error % Molar Molar Error%
flow flow
°C °C kmol/s kmol/s
1 400 400 0.00 2.5 2.5 0.00
2 20 20 0.00 6.7 6.7 0.00
3 1030 1041 -1.07 2.6 2.61 -0.38
4 1030 1041 -1.07 1034.5 1035.3 -0.08
5 916 916 0.00 2.6 2.61 -0.38
6 916 916 0.00 1034.3 1034.9 -0.06
7 400 400 0.00 0.1 0.1 0.00
8 150 150 0.00 05 05 0.00
9 600 600 0.00 36.1 36.1 0.00
10 650 650 0.00 2.7 2.66 1.48
11 650 650 0.00 141.7 142 -0.21
12 780 782 -0.26 2.6 2.61 -0.38
13 698 700.8 -0.40 141.7 142 -0.21
14 698 700 -0.29 2.6 2.61 -0.38
15 780 782.9 -0.37 141.7 142 -0.21
16 904 904 0.00 0.9 0.9 0.00
17 904 904 0.00 1034.3 1034.9 -0.06
18 904 904 0.00 86.1 86.1 0.00
19 810 810 0.00 0.9 0.9 0.00
20 810 810.8 -0.10 141.7 142 -0.21
21 904 904 0.00 20.7 21.6 -4.35
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Table 3.2. Validation of ORC based on main stream parameters

Source | ASPEN Source ASPEN Source | ASPEN
model model model model model model
Stream flgﬂv?f:te flgﬂvx?f:te Error |Temperature | Temperature] Error | Pressure| Pressure| Error
ID (kals) (kals) % (K) (K) % (bar) (bar) %
1 13.48 | 13.48 0 400 400.00 | 0.00 2.7 2.7 0
2 13.48 | 13.48 0 356.9 366.90 | -2.8 2.2 2.2 0
3 10.63 | 10.63 0 368.4 368.40 | 0.00 | 114 11.4 0

43




4 1063 | 1063 | O 326 32475 | 038 | 24 2.4 0
5 1063 | 1063 | O 303 303.00 | 0.00 | 24 2.4 0
6 1063 | 1063 | O 303.17 304.07 | -03 | 114 | 114 0
7 110 110 0 300.5 300.50 | 0.00 | 1.37 | 1.37 0
8 110 110 0 305.4 303.97 | 047 | 137 | 137 0
1
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Cooling water 8
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5
>
Legend
—_ Organic (working) fluid N\~ Heat exchanger
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Fig. 3.3 Schematic layout of ORC (Source: Odzil et al., 2015)

3.1.1.2 Standalone biomass-fired power plant (BFPP1)

The BFPP1 configuration is synthesized by integrating three major modules, i.e.,

combustor, thermal oil tank, and ORC unit for power generation as shown in Fig. 3.4.
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In this power plant configuration, the operating temperature of combustor was maintained at
constant value by continuous supply of biomass (sugarcane bagasse) and 20% excess air. Excess
air was supplied to ensure complete combustion of fuel. The hot flue gas generated during
combustion exchanges heat with the thermal oil in a heat exchanger. This is done to avoid local
overheating and to prevent the organic fluid (refrigerant) from becoming chemically unstable when
comes in direct contact with hot flue gases of combustor (Algieri and Morrone., 2014). The ORC
unit consists of a pump, an evaporator, a turbine/expander, and a condenser. The pump was initially

used to compress the working (organic) fluid from a low pressure (2.4 bar) to high pressure liquid
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(11.4 bar). The high-pressure liquid was then allowed to enter the evaporator where it evaporates
by utilizing the energy available in thermal oil. This high-pressure vapor was then passed through
the turbine to expand isentropically to a low-pressure vapor and generate electricity. Finally, this

low-pressure vapor leaving the turbine was cooled, condensed and recirculated back into the cycle.
3.1.1.3 Conventional (single) calcium looping integrated biomass fired power plant (BFPP2)

The proposed BFPP2 configuration mainly consists of three sub systems: biomass
combustion, calcium looping, and ORC. The schematic diagram is shown in Fig. 3.5. The biomass
was initially combusted in the presence of air to generate the hot flue gas. The thermal oil extracted
heat from the hot flue gas in the heat exchanger (HE1), and its temperature was increased to 374
OC. It was then passed through the heat exchanger (HE2) to recover the maximum possible high-
grade energy available in the carbonator. The exhaust flue gases leaving the combustor were sent
to the calcium looping unit where the CO, gas was separated through the carbonation and
calcination cycle. An ASS is used to generate the O required for the combustion of biomass in the
calciner. The remaining energy from the concentrated CO, stream and lean flue gas leaving the
calcium looping unit was recovered by sending them through the heat exchangers (HE3 and HE4).
The cold lean flue gas was finally released into the atmosphere, while the low-temperature

concentrated CO> gas was directly utilized or stored after compression.
3.1.1.4 Double calcium looping integrated biomass fired power plant (BFPP3)

The proposed configuration for the novel BFPP3 system, which is composed of a double
calcium loop, biomass combustion and ORC systems (Fig. 3.6). Unlike direct heat transfer as a
way to promote endothermic reactions in the calciner, this calcium looping integrated biomass
fired power plant model utilizes indirect heat transfer method via a double calcium configuration.
This not only avoids the need for oxygen separation plant but also ensures high CO> capture
efficiency. In the first calcium loop, the solid CaO stream that circulates between the combustor
and calciner acts as a simple heat carrier. In the second calcium loop, the CO2 was captured by the
solid CaO sorbent in the carbonator reactor, where the exothermic reaction takes place at 650 °C.
The resulting carbonated solids that act as a CO> carrier were then transported to calciner, where

concentrated CO, was released and CaO sorbent was regenerated at around 904 °C.
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Preheating the CaCOs sorbents entering the calciner from the second calcium loop minimizes the
heat transfer from the combustor to the calciner. This reduces the sensible energy requirement
from combustor to the calciner. Although the CO- released during calcination enables a self-
fluidization behavior in the calciner, a part of the high-concentrated CO, stream leaving the
calcium looping system was recirculated back for effective fluidization. Finally, the concentrated
CO. stream was sent to compression unit (CU) to increase the pressure up to 110 bar. Deactivated
and inert compounds (mainly CaSO4 and ash) were removed in the form of purge from calciner.
To compensate for this loss, fresh limestone is fed to the carbonator as a makeup.

The high-grade available energy in the carbonator was utilized to heat the high-pressure
working fluid leaving the evaporator of ORC system by using a thermal oil that acts as an
intermediate stream between the combustor and ORC unit. The operation and characteristics of
this ORC were the same as that of BFPP1. To enhance the thermal efficiency of the overall plant,
the concentrated CO> and lean flue gas leaving the calcium looping system were also passed
through the heat exchangers (HE2, HE3, and HE4) to preheat the thermal oil. The low temperature
lean flue gas leaving the thermal oil tank was released into the atmosphere, while the low

temperature concentrated CO> gas was sent through CU to compress and store.
3.1.2 Category 2: Calcium looping for COz2 capture in coal fired power plants

The process followed for configuring the two coal fired power plants is explained in this
section. At first a supercritical coal fired power plant was simulated and validated against the
published results. This validated coal fired power plant configuration was further integrated with
single and double calcium looping for CO. capture. At the end, the fuel and operating conditions
were replaced as per the Indian climatic conditions. The validated results of the coal fired power
plant and the description of the two proposed configurations are presented in the sub sections given

below.

3.1.2.1 Model validation

The coal fired power plant as shown in Fig. 3.7 was adopted from Espatolero et al., 2010
and referred in this work as CFPP1. This super critical power plant mainly consists of a power
boiler, a condenser with centrifugal pump, a set of high-pressure feed pumps and a section of high,

low and intermediate pressure turbines (HPT, IPT and LPT) to generate power. In addition, a de-
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aerator, a number of high pressure and low-pressure feed water heaters were also provided along
with other accessories to enhance the performance of power plant. This power plant configuration
is simulated using aspenONE software. The two thermodynamic methods that were used in
modelling the boiler heat exchange sections are Peng-Robinson-Boston-Mathias (PR-BM)
equation of state for coal, air and flue gas streams and steam table (STEAM-NBS) for H,O streams.
The results represented in Table 3.3 show that the streams of the simulated model in aspenONE

with the relative error in between -1.37% and 3.44% is in very good agreement with Espatolero et
al., (2010) model.
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Fig. 3.7 Schematic layout of CFPP1 (Source: Espatolero et al., 2010)
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A detailed explanation of the simulation and validated results of conventional and double

calcium looping processes considered in the study has already been provided in subsection 3.1.1.1.

Considering the validated supercritical coal fired power plant and calcium looping configurations,

two new coal fired power plant configurations are derived. In the proposed configurations, the

Indian (high ash) coal is used as a fuel and operating conditions were modified based on Indian

climatic conditions. Since the ambient conditions affect the thermal performance of power plant,

these operating conditions were based on the worst-case scenario approach (Suresh et al., 2010).

The following subsections detailed the operation principle and characteristics of the proposed

configurations.

Table 3.3. Validation of supercritical coal fired power plant based on main stream parameters

Source | ASPEN Source | ASPEN Source | ASPEN
model model model | model model model

r M M Temper | Temper

D | (kais) | (kg | P | o) | cop | P | G0 | (an ]
5 450 450 0.00 590 589.9 | 0.02 300 300 0.00
6 28.23 28.23 0.00 371.2 | 359.43 | 3.17 76.8 76.8 0.00
8 33.37 33.36 0.03 334.2 | 322,99 | 3.35 | 58.37 58.37 0.00
9 388.4 388.4 0.00 334.2 | 322,99 | 3.35 | 58.37 58.37 0.00
10 388.4 388.4 0.00 610 609.9 | 0.02 57.2 57.2 0.00
11 21.91 21.91 0.00 496.4 | 491.44 | 1.00 28.1 28.1 0.00
12 47.87 47.87 0.00 366.1 | 361.66 | 1.21 | 11.04 11.04 0.00
13 318.62 318.62 0.00 | 330.98 | 326.24 | 1.43 8.34 8.34 0.00
16 17.71 17.71 0.00 256.9 | 252.62 | 1.67 | 4.42 4.42 0.00
17 17.72 17.72 0.00 148.8 1452 | 2.42 1.48 1.48 0.00
18 11.11 11.11 0.00 79.4 79.3 0.13 0.46 0.46 0.00
19 13.89 13.89 0.00 57.8 57.8 0.00 0.18 0.18 0.00
20 258.19 258.19 0.00 32.9 32.9 0.00 0.05 0.05 0.00
21 296.48 296.48 0.00 32.4 32.3 0.31 0.05 0.05 0.00
25 296.48 296.48 0.00 33 32.9 0.30 22 22 0.00
26 296.48 296.48 0.00 58 56.8 2.07 22 22 0.00
30 325.31 325.31 0.00 80 78.75 | 1.56 22 22 0.00
31 325.31 325.31 0.00 110 108.7 | 1.18 22 22 0.00
36 343.02 343.02 0.00 140.5 139.3 | 0.85 22 22 0.00
37 450 450 0.00 183 182.9 | 0.05 | 10.82 10.82 0.00
38 450 450 0.00 189.5 | 188.51 | 0.52 344 344 0.00
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40 450 450 0.00 | 216.05 | 214.89 | 0.54 344 344 0.00
41 450 450 0.00 | 251.92 | 251.77 | 0.06 344 344 0.00
42 450 450 0.00 | 277.54 | 277.31 | 0.08 344 344 0.00
48 450 450 0.00 | 281.85 | 281.69 | 0.06 344 344 0.00
43 21.91 21.91 0.00 303.8 303.7 | 0.03 28.1 28.1 0.00
47 28.23 28.23 0.00 258.8 258.7 | 0.04 | 75.26 75.26 0.00
46 28.23 28.23 0.00 258.8 | 258.61 | 0.07 | 58.37 58.37 0.00
45 61.59 61.59 0.00 2225 | 21484 | 3.44 | 57.2 57.2 0.00
44 61.59 61.6 -0.02 | 222.66 | 215.04 | 3.42 28.1 28.1 0.00
39 83.5 83.51 -0.01 | 202.1 | 201.95 | 0.07 | 27.54 27.54 0.00
14 23.47 23.47 0.00 366.1 | 361.66 | 1.21 | 11.04 11.04 0.00
15 24.4 24.4 0.00 366.1 | 361.66 | 1.21 | 11.04 11.04 0.00
24 24.4 24.4 0.00 36.16 36.16 | 0.00 | 0.06 0.06 0.00
23 13.89 13.89 0.00 57 57.8 -1.4 0.18 0.18 0.00
28 28.82 28.83 -0.03 78.6 785 | 013 | 0.46 0.46 0.00
29 28.82 28.83 -0.03 79 78.8 | 0.25 22 22 0.00
33 17.71 17.71 0.00 139.8 | 138.99 | 0.58 | 4.42 4.42 0.00
35 17.71 17.71 0.00 | 140.14 | 139.39 | 0.54 22 22 0.00
34 17.72 17.72 0.00 108 107.9 | 0.09 1.46 1.48 -1.3

3.1.2.2 Conventional (single) calcium looping integrated coal fired power plant (CFPP2)

The validated calcium looping process was modified and integrated with supercritical
CFPP1 model. Fig. 3.8 shows the CO> capture process of calcium looping integrated to CFPP1.
This conventional calcium looping unit (CCaLU) consists of a calciner and carbonator reactor
along with an ASS. The configuration helps to capture the CO2 emitted after the combustion of
coal in the power plant. Lime was used as an adsorbent to capture CO2. The CCaLU separates the
CO. from the flue gases via carbonation and calcination reaction cycle as explained in Chapter 1.
In general, the CO> capture using CaO is a reversible reaction. At the operating temperature of 665
OC in carbonator, the rate of decomposition of CaCOs is very low. Similarly, by maintaining the

calciner at 904 °C the rate of carbonation is restricted.

Indian coal was combusted in the calciner to supply required heat to operate them at
isothermal condition. An ASS supplies oxygen to calciner which is essential to get pure CO2 from
calciner by means of coal combustion and CaCOs decomposition. Cyclone separators were used
to separate sorbent from CO: stream and lean flue gases. The hot concentrated CO> gas and lean
flue gases leaving the calciner and carbonator contains a significant amount of heat energy, which
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was recovered using multiple heat exchangers (HPE5, HPE4, HPE2 and LPE4) as shown in Fig.
3.8. A certain amount of calcium sorbent gets deactivated during the cyclic operation and it was
removed in the form of purge from the calciner. This sorbent loss was compensated by using fresh
material in the form of makeup stream. Apart from the combustor, the high-grade energy available
in the carbonator was also utilized to generate the live steam in the supercritical steam cycle by
using the reheater (RH2). The cooled concentrated CO> gas can be compressed and sequestrated

accordingly.
3.1.2.3 Double calcium looping integrated coal fired power plant (CFPP3)

The synthesized double calcium looping integrated coal fired power plant is shown in
Fig. 3.9. The process of double calcium looping has already been described previously. In the
power plant configuration, the operating temperature of combustor was maintained by continuous
supply of required amount of coal and 20% excess air. Excess air was supplied to ensure complete
combustion of fuel. The configuration helps to avoid the need of oxygen separation plant for

calcium looping system and ensures high CO2 capture efficiency.

The high-grade available energy in the carbonator was utilized to generate the live steam
using superheater (SH) and reheater (RH) which was used in the supercritical steam cycle. The
live steam enters the HPT at 573 °C and 300 bar and was expanded to 58.37 bar. It was then
reheated again by the hot lean flue gases present in the carbonator, before sending it to the IPT and
LPT. To enhance the thermal efficiency of steam cycle, the hot concentrated CO> gas was used to
preheat air entering into the combustor. At the same time, multiple heat exchangers i.e., HPE5,
HPE4, HPE2 and LPE4 were used to recover the maximum possible heat energy from the lean flue
gas. The cooled concentrated CO> can be stored and utilized by CO> capture and compression unit

(CU) accordingly.
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3.1.3 Category 3: Calcium looping for CO2 capture in natural gas fired combined cycle power

plants

The methodology to synthesize novel calcium looping integrated natural gas fired
combined cycle power plant configurations is presented in this study. A reference natural gas fired
combined cycle power plant is adopted from the literature and successfully validated. The
conventional and double calcium looping based CO> capture processes were further integrated
with this natural gas fired combined cycle power plant to capture CO». A detailed description of
model validation, novel flowsheet synthesis and process integration for power generation and CO>

capture are presented in the below subsections:
3.1.3.1 Model validation

The conventional natural gas fired combined cycle power plant (considered as NGFCPP1)
was simulated by considering indigenous feed and environmental conditions. Fig. 3.10 shows the
flowsheet of the configuration that was adopted from Reddy et al., 2012. The fuel, i.e., natural gas,
was burned in the combustors C1 and C2 at high pressure of 9.6 bar in this system. A 300% excess
air was supplied to the C1 and C2 using air compressors AC1 and AC2 to regulate the temperature
of flue gases (Bolland and Saether., 1992). This is done, to bring the inlet temperature of gas
turbine to the permissible limits that it can sustain (Lugo-Leyte et al., 2010). The hot flue gases
from the C1 and C2 were sent through the gas turbine and then through the Heat Recovery Steam
Generators (HRSG1 and HRSG2) to recover the maximum possible energy.

The gas power generation unit (GPGU) was used as a topping cycle and works on the
principle of Brayton cycle, while the Steam Power Generation Unit (SPGU) works on the principle
of Rankine cycle which was used as a bottoming cycle. The exhaust flue gases leaving the HRSG1
and HRSG2 units were finally released into the atmosphere. The natural gas was supplied at 6.05
kg/sec to each GPGU. This scheme produces a total gross power of 330.34 MW via gas turbines
and 115.82 MW via high and low pressure steam turbines. This NGFCPP1 generates a total amount
of 31.92 kg/sec of CO2 during its operation. The simulated results tabulated in Table 3.4 are
validated results of the power plant adopted from Reddy et al., 2012. The reproduced model was
able to match most of the stream data with a relative error percentage of less than 0.02 % when

compared to the original model.
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Table 3.4. Validation of natural gas fired combined cycle power plant based on main stream

parameters
Stream Mass flowrate Relative Temperature Relative Pressure Relative
ID (kg/sec) error (%) (K) error (bar) error (%)
(%)
Source | Aspen Source Aspen Source | Aspen
model | model model model model | model
1 360 360 0.00 302 302 0.00 1.013 | 1.013 0
2 360 360 0.00 302 302 0.00 1.013 | 1.013 0
4 360 360 0.00 637 635.81 0.19 10.2 10.2 0
3 360 360 0.00 637 635.81 0.19 10.2 10.2 0
6 366 366 0.00 1345 | 1231.72 8.42 9.6 9.6 0
5 366 366 0.00 1345 | 1231.72 8.42 9.6 9.6 0
8 366 366 0.00 824 823.71 0.04 11 11 0
7 366 366 0.00 824 823.71 0.04 1.1 1.1 0
24 51.73 | 51.74 -0.01 | 321.10 | 321.10 0.00 3.64 3.64 0
27 51.73 | 51.74 -0.01 | 321.10 | 321.10 0.00 3.64 3.64 0
23 79.57 | 79.58 -0.01 | 345.24 | 345.24 0.00 3.64 3.64 0
22 79.57 | 79.58 -0.01 | 409.42 | 409.42 0.00 3.64 3.64 0
11 79.57 | 79.58 -0.01 | 409.42 | 409.42 0.00 3.64 3.64 0
21 43.97 | 43.98 -0.01 410.4 | 410.40 0.00 72.6 72.6 0
12 43.97 | 43.98 -0.01 410.4 | 410.40 0.00 72.6 72.6 0
16 87.95 | 87.95 0.00 791.23 | 791.23 0.00 55.25 | 55.25 0
15 87.95 | 87.95 0.00 479.68 | 479.86 -0.04 5.6 5.6 0
20 10.34 | 10.34 0.00 409.7 409.7 0.00 21.3 21.3 0
13 10.34 | 10.34 0.00 409.7 409.7 0.00 21.3 21.3 0
19 10.34 | 10.34 0.00 474.32 | 473.80 0.11 5.6 5.6 0
32 103.47 | 103.47 0.00 474.32 | 474.32 0.00 5.6 5.6 0
18 103.47 | 103.47 0.00 323 323.16 -0.05 0.123 | 0.123 0
33 103.47 | 103.47 0.00 321 321 0.00 0.112 | 0.112 0
10 366 366 0.00 383 383 0.00 1.013 | 1.013 0
9 366 366 0.00 383 383 0.00 1.013 | 1.013 0

3.1.3.2 Conventional calcium looping integrated natural gas fired combined cycle power
plant (NGFCPP2)

In this section, a detailed description of the proposed NGFCPP2 is presented. A schematic

view of the proposed configuration is shown in Fig. 3.11. In this configuration, a CCaLU was

integrated with natural gas fired combined cycle power plant configuration for CO. capture by

replacing GPGUL. This CCaLU mainly consists of a calciner, carbonator and an ASS unit. The
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configuration helps to capture the emitted CO> from the natural gas fired combined cycle power
plant. Lime was used as an adsorbent to capture CO>. The CCaLU separates the CO from the flue
gases via carbonation and calcination reactions. Natural gas was combusted in both the reactors to
supply the required heat to operate them at isothermal conditions. An ASS provides oxygen to the
calciner, which is essential to get pure CO, from the calciner by means of natural gas combustion

and CaCOs decomposition.

On the other hand, natural gas entering the carbonator utilizes the oxygen present in the
input flue gas, coming from HRSG2. This adjustment in the configuration ultimately reduces the
net electrical energy requirement for ASS. The hot concentrated CO> gas leaving the calciner
contains a significant amount of heat energy, which was recovered using multiple heat exchangers
as shown in Fig. 3.11. Cyclone separators were used to separate sorbent from CO; stream and lean
flue gases. At the end, the captured CO- gas was sent for compression to enable sequestration. A
certain amount of calcium sorbent gets deactivated during the cyclic operation, and it was removed
in the form of purge from the calciner. This sorbent loss was compensated using fresh material in

the form of makeup stream.

3.1.3.3 Double calcium looping integrated natural gas fired combined cycle fired power plant
(NGFCPP3)

In this section, a detailed description of the proposed novel NGFCPP3 configuration is
presented. A schematic view of the proposed configuration is shown in Fig. 3.12. In this
configuration, a double calcium looping unit (DCaLU) for CO, capture was integrated by replacing
GPGUL. Contrary to the scheme of NGFCPP1 where the high grade energy was directly
transferred from GPGU1 to SPGU for steam generation, an indirect mode of heat transfer process
is adopted in the NGFCPP3 configuration to meet the energy requirements of calciner. Part of the
stream leaving from the high-pressure turbine was routed to carbonator to extract the released
energy during the carbonation process. The heat integration network was also enforced between
the exit and intermediate streams to extract the low-grade energy from exit streams. The energy
from the hot lean flue gases leaving the carbonator was recovered via HRSG1 for steam generation
and the hot concentrated CO- gases was allowed to pass through air preheater (AP) that utilizes its

thermal energy to heat the air entering the combustor. Thus, the DCaLU enables the utilization of
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the high and low-grade energy produced during the CO> capture for power generation without

much modification in the overall plant configuration.
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Likewise, the mechanism to transfer heat for the carbonation and calcination reactions to
separate CO, from flue gas in DCaLU is different from that of CCaLU where the fuel is directly
combusted in the calciner for calcination. In the DCalL U, a secondary calcium sorbent loop was
introduced between the calciner and the newly added combustor. The sorbent running in this loop
acts as an energy carrier and provides heat energy for the calcination (endothermic) reaction
occurring at 900 °C. The high concentrated CO, gas and CaO sorbent from the calciner was
separated using a cyclone separator. The separated CaO sorbent stream was divided into two
streams. One stream was sent back to the combustor as an energy carrier, and the other stream was

used in the carbonator for CO> capture from flue gas.

Thus, unlike the CCaL.U this configuration does not require ASS and reduces the electrical
power consumption significantly as compared to the NGFCPP2 configuration. In NGFCPP3, the
carbonator operates at 600 °C, and this isothermal condition was maintained by adjusting the steam
flowrate. Although the calcination reaction enables the self-fluidization behaviour inside the
reactor by releasing CO: gas, a portion of CO. gas leaving the DCaLU was recycled back to
support the fluidization activity. The captured CO> was compressed to sequestration ready pressure
using a CU.

3.1.4 Category 4: Calcium looping for CO2 capture, H2 and electricity coproduction in coal

fired power plants

In this section, a detailed description of the conventional and double calcium looping
integrated Indian coal fired power plants for CO> capture, electricity and H> coproduction
(HCFPP1 and HCFPP2) is presented. The CFPP2 and CFPP3 configurations, presented in Section
3.1.2, were further extended for H. production by integrating the calcium looping gasification
based H production scheme. Fig. 3.13 and Fig. 3.14 shows the detailed layouts of the HCFPP1
and HCFPP2. A sensitivity analysis has been carried out to identify the optimal operating
conditions for gasifier and riser process units. The maximum Hz production was observed at the
gasifier and riser operating temperatures of 570 °C and 326 °C. As the coal, steam and calcium
sorbent (mainly CaQO) were fed into the gasifier, the gasification shown in Equation 3.1, water gas
shift reaction shown in Equation 3.2 and CO; adsorption shown in Equation 3.3 takes place

simultaneously.
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C + H,0 > CO + H, AHyg0, = +1313 -2 (3.1)
CO + H,0 & CO, + H, AH,c0, = —50.1 % (3.2)
Ca0 + CO, - CaCOs AH,g0, = —178.9 —— (3.3)

The gasification process between the coal and steam is endothermic. But the carbonation
reaction between the CO. (generated during gasification process) and calcium sorbent is
exothermic. Thus, it compensates the heat needed for gasification. A substantial amount of the
CO2 generated during this process was captured by the CaO sorbent while the remaining CO2 gas
along with other products (mainly H> and H>O) was sent to the riser reactor for complete capture
of COz. The leaving stream from the gasifier contains sorbent is separated by using cyclone
separator (C5). The sorbent was then sent to the CCaL U in case of HCFPP1 configuration and
DCaLU in case of HCFPP2 configuration for regeneration. The gaseous mixture mainly consists
of H2 and H»>O was further processed by using a series of heat exchangers, compressors and flash
columns where most of the H>O in vapour form was condensed into liquid and separated. At the

end, the concentrated H> gas (with around 93% pure) was sent for storage.

A considerable amount of heat was released due to the exothermic carbonation reaction in
the riser and during the compression and cooling of Hz and H.O mixture. A part of this heat energy
was utilized to generate the necessary amount of steam required in the gasifier, while the remaining
high-grade heat energy was used to generate low pressure steam which was used in SPGU for
electrical power generation. The integrated scheme of HCFPP1 captures CO2 and produces highly
concentrated H,. This technique of calcium looping gasification used in HCFPP1 improves the
overall performance of the plant by enhancing the water gas shift reaction involved in the H;
production process (Perejon et al., 2016). The HCFPP2 scheme further improves the CO> capture,
H> and electricity cogeneration process by eliminating the need of ASS and simplifying the energy

integration process for steam generation when compared with HCFPP1 configuration.
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3.1.5 Category 5: CO:2 utilization in double calcium looping integrated natural gas fired

combined cycle power plants

The synthesis and operational characteristics of the developed CO; capture and utilization
strategies integrated with reference NGFCPP3 are discussed in detail in this section. The
integration of different cogeneration modules to the NGFCPP3 is systematically elaborated. In
order to effectively utilize the captured CO> from the proposed NGFCPP3 configuration in section
3.1.3.3 it was integrated with DME production and vapor absorption refrigeration (VAR) process
models and the resulting configuration is referred as DNGFCPP1. The performance of
DNGFCPP1 configuration was further enhanced by utilizing renewable energy. The
environmental conditions such as ambient temperature and pressure etc. were updated in the

proposed configurations in accordance with the climatic conditions of India.
3.1.5.1 Model validation

The DME process flowsheet from Schakel et al., 2016 and VAR process flowsheet from
Mishra and Singh., 2018 were considered as reference models and as shown in Fig. 3.15 and
Fig. 3.16 respectively. These process configurations were reproduced using aspenONE v10.0
software. The simulated results are compared with the literature data in Table 3.5 and Table 3.6.
From the comparison it is observed that the reproduced models were very well converged with the

data obtained from the literature with the relative error of less than 2%.

3.1.5.2 Description of the DNGFCPP1 configuration

The schematic operational flowsheet of DNGFCPP1 is shown in Fig. 3.17. The captured
CO2 using NGFCPP3 configuration was utilized to produce DME. The CO> captured from the
DCal.U was preheated and sent to the Dry Reforming Reactor (DRR) for syngas production. In
DRR, the natural gas reacts with the CO> and forms syngas as shown in Equations 3.4-3.7. Since
this reaction is endothermic in nature, a continuous supply of heat energy was ensured from the
combustor. This hot syngas was further cooled and compressed using a compression train and then
transferred to the DME Synthesis Reactor (DMESR). The series of exothermic equilibrium

reactions presented in Equations 3.8-3.11 occur in DMESR.

CH, + CO, > 2CO + 2H, AHyg0, = +247 -2 (3.4)
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Table 3.5 Validation of dry reforming based DME production plant on main stream parameters

Stream | Temperature Relative Pressure Relative Mass flowrate Relative
ID (°C) e('[;oo)r (bar) e&o)r (kg/hr) ‘?[,;J‘;r
Source | Aspen Source | Aspen Source | Aspen
model | model model | model model model
S1 41 41 0 2 2 0 |41856.93| 41856.93 0
S2 400 400 0 20 20 0 15257.2 | 15257.2 0
S3 237 |[238.76| 0.02 2 2 0 57114 57114 0
S4 800 800 0 2 2 0 57114 57114 0
S5 800 800 0 1 1 0 57114 57114 0
S13 250.7 | 250.7 0 79 79 0 56505 56505 0
S14 250 250 0 79 79 0 56505 56505 0
S15 229.6 | 229.6 0 10 10 0 56505 56505 0
S16 31.48 | 31.48 0 10 10 0 56505 56505 0
S17 44.85 | 44.85 0 10 10 0 24556 24556 0
S18 -48.3 | -48.2 0 10 10 0 31949 31949 0
S19 -60.3 | -60.2 | 0.16 1 1 0 31949 | 31949 0
S20 0 0 0 1 1 0 31949 | 31949 0
S21 70.03 70 0.04 10 10 0 722.7 722.7 0
S22 4431 | 443 0.02 10 10 0 23833.2 | 23833.2 0
S23 15 15 0 1 1 0 51000 | 51000 0
S24 2.10 211 | -0.47 1 1 0 83671 83671 0
S25 1536 | 1536.3 | -0.02 1 1 0 83671 83671 0
S26 1014 | 1013.5( 0.05 1 1 0 83671 83671 0
S27 80 80 0 1 1 0 83671 | 83671 0
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The products from the DMESR were sent to the DME Separation Unit (DSU). The DSU
consists of a distillation column (DIS1) and an ammonia-water based VAR system. The DSU
separates the unconverted gases (CHs, CO2, Hz) and by-products (CH3OH, CO, H20) from the
DME. These separated gases and by-products were redirected to the combustor where they were
used as a subsidiary fuel for combustion along with natural gas. The excess heat energy released
during the DME synthesis reaction was used to meet the distillation column’s reboiler duty and
the energy required in the VAR system. The VAR system supplies the NHz refrigerant to the DIS1
column condenser which was operating at 235 K (-38 °C). This VAR system consists of an
absorber (A1), multistage pump (MSP1), generator (GEN1), expansion valves (X1 and X2) and a
heat exchanger (H1). It utilizes the low-grade heat energy, available from the DMESR for

refrigeration. This CO> capture and utilization scheme does not convert the entire captured CO>
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into DME. Therefore, the unconverted CO2 along with CO generated in combustor was released

into the atmosphere.

Table 3.6 Validation of VAR cycle configuration based on main stream parameters

Relative ] Relative
Stream ] Mass flow rate Temperature | Relative Pressure
D Fluid (kglsec) error (K) ) (bar) error
g/sec error (% ar
(%) (%)
Source | Aspen Source | Aspen Source| Aspen
model | model model | model model | model

11 NH3 0.246 | 0.246 0 274.28 | 274.28 0 1.4 14 0

12 | NH3-H20 2 2 0 303.12 | 303.12 0 1.4 14 0
13 | NH3-H20 2 2 0 303.19 | 303.19 0 10.8 | 10.8 0
13" | NHz-H20 2 2 0 358.1 [368.98| -3.04 | 10.8 | 10.8 0

14 | NHs-H2O| 1.754 | 1.754 0 3219 (31838 1.09 | 108 | 10.8 0

14" |NHs-H20| 1.754 | 1.754 0 389.8 | 389.9 | -0.02 | 10.8 | 10.8 0

15 |NH3-H2O| 1.754 | 1.754 0 321.98 | 318,57 1.05 1.4 14 0

16 NH3 0.246 | 0.246 0 389.8 | 389.8 0 10.8 | 10.8 0

18 NH3 0.246 | 0.246 0 303.12 | 303.12 0 10.8 | 10.8 0

19 NH3 0.246 | 0.246 0 254.83 | 249.4 2.13 1.4 14 0

3.1.5.3 Description of the solar energy aided DME production unit coupled with double
calcium looping integrated natural gas fired combined cycle power plant
configuration (DNGFCPP2)

The total utilization of CO. cannot be achieved with the developed DNGFCPP1
configuration. As the conversion of CO> increases, the amount of thermal energy required by the
DRR and distillation column reboiler increases. To meet this thermal energy demand, more natural
gas needs to be used as fuel in the DPU which further increases the CO2 emissions proportionally.
Therefore, the proposed configuration of DNGFCPP1 was unable to handle complete utilization
of CO.. Integration of renewable energy with DNGFCPP1 configuration is one of the potential
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options that can be explored for complete utilization of captured COa. In this section a novel
renewable energy supported configuration was investigated for complete utilization of CO,. The
schematic view of the proposed configuration is shown in Fig. 3.18 and referred as DNGFCPP2.
The combustor of DPU used in DNGFCPP1 configuration (shown in Fig. 3.17) was replaced with
the CSP system. This enables the configuration to supply heat energy to the DRR via heat transfer
fluids (e.g., molten salts) for syngas production without combusting any additional fuel. It also
eliminates the release of CO, gas into the atmosphere contrary to the case of DNGFCPP1
configuration where partial CO2 emission from DPU was unavoidable.

The conceptual design of the CSP is taken in accordance with Zhai et al., 2016. In this
system, solar energy received in the form of sunlight on a large area is reflected and concentrated
on a central receiver (heat exchanger) by using mirrors (heliostats). The energy integration strategy
applied for dry reforming based DPU in the DNGFCPP1 configuration mainly focused on effective
utilization of energy from combustor. However, less attention was given to utilization of high and
low grade heat energy from other unit operations. For instance, in the compression train, during
the intermediate cooling stage, a significant amount of energy was released and it was not

effectively utilized.

The proposed DNGFCPP2 configuration explored the energy efficient integration strategy
for CO2 utilization scheme (DPU and DSU) along with the possible options for enhancing the CO-
utilization capacity. The heat energy released during the intermediate cooling in the compression
train was used for the generation of superheated steam. The steam turbines represented as T1 and
T2 were used for the generation of electricity respectively. The proposed CO- utilization scheme
without combustor eliminates the additional fuel combustion and ensures complete utilization of
COo.. Therefore, the CO> captured and sent by the DCaLU was completely utilized to produce
DME in the proposed DNGFCPP2 configuration. A set of two distillation columns (DIS1 & DIS2)
were required in this DSU to recycle unreacted gases and by products to the DPU. This resulted in
an increase in total condenser load and energy required for vapor absorption cycle.
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3.2 Analysis and modelling

The performance of different power plant configurations proposed in the systems
description section was investigated based on energy, exergy, cost and environmental analysis.
The composition of fuels used in the respective power plants are shown in Table 3.7-3.9. Using

the validated process models, the configurations were synthesized by exploring different processes
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and heat integration possibilities. A detailed analysis was carried out to identify the best possible
configuration in terms of energy, exergy, environmental, cost and exergoeconomic parameters.
Further, a parametric analysis was also presented for CCS based configurations to assess the
system’s performance. These simulation studies were carried out using the aspenONE software.
In this work, MIXCINC is selected as the stream class to define the conventional and non-
conventional forms of various solid and fluid components. Peng Robinson and Boston Mathias
(PR-BM) was used for the estimation of properties of various components involved in the calcium
looping, ORC, DME generation, gas based power generation and VAR processes and International
Association for the Properties of Water and Steam 95 (IAPWS-95) and STEAMNBS were used
for the steam and water used in steam based power generation processes (Hanak et al., 2014; Hagi
etal., 2013).

The initial design conditions and main operating parameters of all process models based
on Indian climatic conditions shown in Table 3.10-3.13. Since the ambient conditions affect the
thermal performance of the process units, these operating conditions were based on the worst-case
scenario approach (Suresh et al., 2010). The assumptions, methods and specifications used for the
development and analysis of the proposed configurations (Wang et al., 2009; Suresh et al., 2010a;
Wang et al., 2013; Jenkins and Bhatnagar., 1991; Khushi food products., 2021; Uday limestone.,
2021; Zhu et al., 2020; Hanak and Manovic., 2017a; CIL., 2018; Suresh et al., 2010b; Motwani et
al., 2013; ET markets., 2020) were listed as:

1. The process was operating under a steady state condition.

2. Pressure drop and thermal loss in the pipes (streams) were neglected.

3. Energy loss in the combustor (mainly convection and radiation losses) is approximated as
1.5% of input fuel energy.

4. Energy loss in the calciner and carbonator (mainly convection and radiation losses) is
approximated as 0.5% of input fuel energy.

5. The power plant operates 7008 hours annually for a period (N) of 20 years for biomass fired
power plants.

6. The auxiliary power consumption (Waux) in pumps, plant control systems, heating, ventilation
and air conditioning (HVAC), generator, lighting and transformer losses, etc. were assumed

to be 5% of gross power output for biomass fired power plants.

74



10.

11.

12.

13.
14.

Cost of raw limestone used as a sorbent was taken as 6.88 €/ton (570 Rs/ton).

Cost of sugarcane bagasse used as fuel was taken as 36.23 €/ton (3000 Rs/ton).

Cost of thermal oil and working fluid were assumed to be 2% of the total investment of ORC.
The auxiliary power consumption (Waux) was assumed to be 9% of the gross power output
of the power plant that includes lighting and control systems, transformer losses, heating,
ventilation and air conditioning systems etc. for coal and natural gas fired power plants.
The expected lifetime of all coal and natural gas fired power plant configurations was
assumed to be 25 years with capacity factor (CF) of 80% i.e., 7008 annual operation hours.
Cost of the Indian coal input as fuel in terms of specific fuel cost (SFC) was taken as
203.992 Rs/MWh or 2.463 €/ MWh.

The project interest rate (i) was assumed to be 12%.

Cost of the natural gas used as a fuel in terms of specific fuel cost (SFC) was taken as
464.39 Rs/MWh or 5.6086 €/ MWh.

Table 3.7 Composition of biomass (Xie et al., 2018)

Ultimate analysis (wt%: as fired)
Carbon 44.48
Hydrogen 6.057
Oxygen 40.69
Sulfur 0.047
Nitrogen 0.19
Moisture 6.44
Ash 2.09
LHV,, (MJ/kg) 14.91
HHV,, (MJ/kg) 16.45
SCEx, (MJ/kg) 16.96
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Table 3.8 Composition of Indian coal (Suresh et al., 2010a)

Ultimate analysis (wt%: as fired)
Carbon 39.16
Ash 48.87
Oxygen 7.92
Hydrogen 2.76
Sulfur 0.51
Nitrogen 0.78
HHYV, (MJ/kg) 15.83
SCEx. (MJ/kg) 17.3

Table 3.9 Composition of natural gas (GAIL., 2009)

Components Composition
(% mole)

Methane 90.84
Ethane 5.02
Propane 0.68
Isobutane 0.05
Carbon dioxide 33
Nitrogen 0.11
LHV, 4 (MJ/kg) 45.61

SCExy4 (MI/kg) 48.35

Table 3.10 Commonly adopted design conditions and system parameters used in all the
configurations (Suresh et al., 2010a; Duan et al., 2016)

Conventional solid, liquid and Defined with molecular structure

gaseous components

Simulation strategy Sequential modular approach

Property estimation method used PR-BM, STEAM-NBS, IAPWS-95

76



Unit models

Combustor, calciner and carbonator RYield, RGibbs
Mixers/splitters Mixer/Fsplit
Separators Sep/SSplit
Pressure changers Pump/Compr/MCompr
Heat exchangers Heater/HeatX/MHeatX
Ambient conditions, air composition and CU specifications
Ambient temperature 33°C
Chemical composition of air (mole | 75.62% N>, 20.3% O», 3.12% H0, 0.03%
percent) SO2, 0.92% others.
Ambient pressure 1.013 bar

Stage number 4,

CuU
outlet condition 40.5 °C, 110 bar

Table 3.11 Operating conditions and specifications used in all biomass fired power plant based
configurations (Ozdil et al., 2015; Forristall., 2003; Therminol., 2022)

Excess air 20%

Recommended

_ ) _ temperature range: 12 — 400 °C.
Properties of Therminol VP-1 used in the o
Heat of vaporization at

process _
maximum use temperature: 206
kJ/kg
Chemical Composition of working fluid
CsHsFs

(R-245fa)
Biomass feed rate in combustor of
BFPP1 and BFPP3

0.139 kg/s (500 kg/h)

Biomass feed rate in combustor of

0.093 kg/s (338 kg/h
BFPP2 9Is o/n)
Biomass feed rate in combustor of
0.045 kg/s (162 kg/h)
BFPP2
Operating conditions of calciner 904 °C, 1.013 bar
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Operating conditions of carbonator in
BFPP2

666 °C, 1.013 bar

Operating conditions of carbonator in
650 °C, 1.013 bar

BFPP3
Flowrate of CaCOs in BFPP2 0.30 kg/s
Flowrate of CaCO3 in BFPP3 0.47 kg/s
ASS’s energy consumption 0.22 kWh/kg O2
Isentropic efficiency of turbine 90%
Operating pressure of turbine 2.4 bar

Operating conditions of combustor in
1610 °C, 1.013 bar

BFPP3
Flowrate of working fluid in BFPP3 10.43 kg/s
Refrigerant cycle load 100%
Centrifugal pump 11.4 bar

Table 3.12 Operating conditions and specifications used in all Indian coal fired power plant
based configurations (Suresh et al., 2010a; Espatolero et al., 2010; Diego et al., 2016)

Excess air 20%
Main steam conditions 573.38 °C, 300 bar
Reheat steam conditions 617.26 °C, 57.2 bar
Bottom to fly ash ratio 20:80
Operating conditions of combustor in CFPP1 1878 °C, 1.013 bar
Operating conditions of combustor in CFPP2 1855 °C, 1.013 bar
Operating conditions of combustor in CFPP3 1832 °C, 1.013 bar
Coal feed rate in the combustor of CFPP1 and
CFPP3 90.48 kg/sec
Coal feed rate in the combustor of CFPP2 62.23 kg/sec
Coal feed rate in the calciner of CFPP2 28.25 kg/sec
Flowrate of CaCOs in CFPP2 178.44 kgls
Flowrate of CaCO3z in CFPP3 270.82 kg/s
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Carbonator temperature in CFPP2 665 °C

Carbonator temperature in CFPP3 650 °C

Calciner temperature 904 °C
Condenser pressure 0.103 bar

Isentropic efficiency of HPT, IPT and LPT 89%

Carbonator temperature in HCFPP1 669 °C

Carbonator temperature in HCFPP2 652 °C

Gasifier temperature 570 °C

Riser temperature 326 °C

Table 3.13. Operating conditions and specifications used in natural gas fired combined cycle
power plant based configurations (Reddy et al., 2012; Berstad et al., 2014; Schakel et al., 2016;
Zhai et al., 2016)

Excess air for GPGU 300%
Carbonator temperature 600 °C
Calciner temperature 900 °C
Condenser pressure 0.103 bar
Isentropic efficiency of gas turbine 81%
Isentropic efficiency of HPT and LPT 96%
Combustion temperature in GPGU 1102 °C
Mass flowrate of air supplied to the
GPGU 290 kg/s
Mass flowrate of CaCO3 in NGFCPP2 41.97 kg/s
Flowrate of CaCO3 in NGFCPP3 66.27 kg/s
Operating parameters and specifications used in the CO; utilization schemes
Lower calorific value of DME 29 MJ/kg
Specific exergy of DME 32.29 MJ/kg
Direct normal irradiance (solar
700 W/m?

radiation)

Heliostat’s reflectivity, clean factor,
) . ) ) 93%, 95%, 76%, 99% and 87%
field efficiency, interception factor
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and absorber efficiency
Flowrate of natural gas supplied to the
_ 16.5 kg/s
DPU in DNGFCPP1
Flowrate of natural gas supplied to the
_ 34.3 kgls
DPU in DNGFCPP2
DME produced from DNGFCPP1 18 kg/s
DME produced from DNGFCPP2 58 kg/s
DRR 800 °C, 1.013 bar
DMESR 250 °C, 79 bar

3.2.1 Thermodynamic, environmental and cost assessment

Different model equations have been formulated by considering conservation of mass and
energy, exergy, cost and ecological aspects. The thermodynamic, environmental and cost analysis
of calcium looping combustion processes has been carried by considering key performance
indicators such as energy efficiency, exergy efficiency, CO> capture efficiency, levelized cost of
electricity (LCOE) and Levelized product cost of H, and DME (LPCH & LPCD) etc.

3.2.1.1 Energy analysis

For steady flow processes, the mass and energy balances are shown in Equation 3.12 and
3.13 (Kanoglu et al., 2012):

EMp)in = X M) out (3.12)

(ZEn),, = (ZEn) (3.13)

out

The plant net power (W,,,) was calculated by using Equation 3.14, where, Vi(gmss is the
gross power output of turbine, Wcomp is the energy consumption by air compressor, Vi/pump is the

energy consumption by centrifugal pump, W, is the energy consumption by ASS and W, is

the sum of all auxiliary power consumptions.

Wnet = I/l(gross - VVcomp - VVpump - WASS - Waux (3-14)
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The net energy efficiency (r,,) of biomass fired power plants were determined by using

Equation 3.15. The chemical energy of biomass (E,) was calculated by using Equation 3.16 and
the Higher Heating Value of biomass (HHV},) in kJ/kg was calculated empirically by using
Equation 3.17 which was based on Dulong’s and Petit law (Sahoo et al., 2016). In the HHV,
calculation the carbon, H2, oxygen and sulphur components weight percent are represented as C,
H>, Oz and S, whereas m,, denotes the mass flow rate (kg/sec) of biomass in biomass fired power

plants.

_ (Wnet.bp)

bp ™ () (3.15)

E, =m, x HHV, (3.16)

HHV, = 3383 x C+1443 x (H,—2) =942 x § (3.17)
8

The net energy efficiency of the Indian coal fired power plant (7.,) configurations was
estimated using Equation 3.18 which represents the ratio between net work output (Wie..,) and

total energy input (rh, x HHV,). The W,,, was determined in terms of MW by using Equation
3.14. m, represents the input mass flowrate of Indian coal in kg/sec in CFPP and HHYV, is the

higher heating value of Indian coal taken from the data provided in literature (Suresh et al., 2010a).

_ Wnet.cp (3.18)

Nep = The X HHV,

The net energy efficiency of the natural gas fired combined cycle power plant (17,4,)
configurations was determined by using Equation 3.19. The Wnet_ngp is net work output
determined in terms of MW by using Equation 3.14. The variable m,,, represents the input mass
flowrate of natural gas in kg/s and LHV;,, is the lower heating value of natural gas provided in the
literature (GAIL., 2009).

_ (Wnet.ngp)
Mngp = (mng < LHVng) (319)

The net electrical energy output (Wnet_hcp) and the net electrical energy efficiency of

HCFPP1 and HCFPP2 configurations (n.,) was determined by using the Equation 3.14 and
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Equation 3.20 respectively. The overall plant energy efficiency of HCFPP1 and HCFPP2
configurations (1, ncp) is defined in Equation 3.21. The iy, and i, represented in Equation 3.21
are the mass flowrate of produced H. in kg/s and input coal in HCFPP1 and HCFPP2
configurations. LHVy, represents the lower heating value in terms of MJ/kg considered as

119.90 MJ/kg (Shaikh et al., 2022).

_ Wnet.hcp
nhcp - e X HHV, (3-20)
_ Wnet.hcp"‘ (my, X LHVp,)
No.hep = Ttg x HHV, (3.21)

To assess the performance of the DNGFCPP1 and DNGFCCPP2 configurations from the
electrical energy generation perspective, the net electrical energy efficiency (14,,) was calculated
by considering only the net electrical energy output and total energy input as shown in Equation
3.22. The overall plant efficiency of the DNGFCPP1 and DNGFCPP2 configurations is presented
in Equation 3.23 as ratio between the total energy output (vis-a-vis overall net electrical energy
output of the plant and energy of DME product) and total energy input (vis-a-vis input energy
supplied to the calcium looping and GPGUs (Eng) and input energy supplied to the DPU in the
form of natural gas (Edpu) and solar energy (E,)). The DME energy is calculated by multiplying
the mass flowrate of produced DME (mg,,.) in kg/s and its lower calorific value (LHV e In
MJ/kg).

Wnet.dnp )
Nanp (Edpu+Eng + Es (3.22)
_ Wnet.dnp"‘ (Mame - LHV ame) (3 23)
Mo.anp Eqpu+Eng + Es :

3.2.1.2 Exergy analysis

Exergy is defined as the maximum possible work obtained from a system as it undergoes

a reversible process to attain a complete equilibrium state with the reference environment (usually

surrounding environment). The exergy estimation for material/energy streams is done by using

EXERGYMS property set provided by aspenONE (Olaleye et al., 2015). This property set estimate

the exergy at a particular temperature and pressure considering the user defined ambient
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conditions. A detailed calculation path that has been embedded in aspenONE to determine exergy
of streams is described in the literature (Hinderink et al., 1996). These exergy data of streams were

further used to carry out the exergy analysis of overall system as well as for all individual units.

The overall exergy balance equation for a steady state process can be written as shown in

Equation 3.24. Where (3 E xn)in, (ZE xn)out and (T Ex) dos; &Y€ the exergy rates associated with

input, output and destruction respectively.

(Z Exn)in = (Z Exn)out + (Z Ex) (3.24)

dest

The exergy efficiency (y,,) and exergy destruction ratio (4,) of any individual unit or

component n is determined by using Equation 3.25 and 3.26. In this (Exin)n, (Exout)n and
(Exdest)n are the exergy input, output and destruction flow rates for any individual unit or

component n, respectively and Y. Ex. is the overall destruction rate of the system.

_ (ExXout)n 1 _ (EXdest)n
Y = Cn (Exin)n (3:25)
_ (EXdest)n
Xn EExdest (326)

Exergetic improvement potential of various components and units (IP),, was determined
to analyze the exergetic efficiency that can be attainable in rate form and is calculated as shown in
Equation 3.27 (Uysal et al., 2017).

(Ip)n = (1 - lpn) [(Exin)n - (Exout)n] (3-27)

The net exergy efficiency of the biomass fired power plants (1,,), coal fired power plants
(¥¢p) and natural gas fired combined cycle power plants (i,,4,,) Was calculated by using Equation
3.28, 3.32 and 3.33 respectively. The specific exergy of the fuel (SCEx,) for biomass fired power
plants was calculated by using Equation 3.29, 3.30 and 3.31 (Sahoo et al., 2016; Kotas., 1985). In
these equations the LHV},, and SCEx, represent lower heating value and standard specific exergy
of biomass. The w denotes the mass fraction of moisture present in the biomass whereas h

represents latent heat of vaporization of H.O at ambient temperature (To) i.e., 33 °C. The specific
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exergy of Indian coal (SCEx,) and natural gas (SCExy4) considered for calculating ¥, ¥p¢p and

Yngp IS shown in Table 3.8 and Table 3.9.

Ypp = % (3.28)

SCEx, = (LHV, +w X h).@ + 9417 X S (3.29)

¢ = 0.18822 + 0.061 % +0.0404 2 + 1.0437 (3.30)
LHV, = HHV,, — (226.04 X H,) —25.82 X w (3.31)
Wep = mwxﬁ (3.32)

gy = —netnap (3.33)

MpgX SCEXng

The net electrical exergy efficiency of HCFPP1 and HCFPP2 was determined by using
Equation 3.34. The overall plant efficiency of these configurations in terms of exergy was
determined by using the Equation 3.35. 71, shown in Equation 3.34 and 3.35 is the mass flowrate
of coal used in the respective HCFPP1 and HCFPP2 configurations. The term SCExy, indicates
the specific exergy of Hz considered as 118.30 MJ/kg (Ozcan and Dincer., 2016) and (W,,erex)
represents the plant net exergy output.

Ynep = —ether_ (3.34)

TheX SCEX

_ Wnet.hcp + (mHzx SCExp3)

l/Jo.hcp - (3.35)

X SCEX

The exergetic efficiency (Y, gnp) 0f the DNGFCPP1 and DNGFCPP2 was determined by

using Equation 3.36. The SCEx4,,. in Equation 3.36 represents the specific exergy of the generated
DME (lbrahim et al., 2018; Taghavifar et al., 2019). The solar exergy input is calculated by using

the variables E,;4- and T which represents the solar energy input and temperature of the absorber
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in CSP system respectively. Exng indicates the exergetic input supplied to the calcium looping

and GPGUs and (Exdpu) shows the input exergy supplied to the DPU in the form of natural gas.

_ Wnet.dnp + (Mame X SCEXgme) (3 36)

lpo.dn I 3 - T
P Exgput Expg + Esolar-(l_?o)

3.2.1.3 Environmental assessment

Specific CO, emission for all biomass fired power plants (SCE},), coal fired power plants
(SCE,) and natural gas fired combined cycle power plants (SCE,,4,) configurations was assessed
by using Equation 3.37. Equations 3.38 and 3.39 respectively. The variable mc,., in these
equations represents the mass flow rate of CO2 emission to the atmosphere.

Mcoqe
SCE,,, = (Zcoze 3.37
op ( Wnet )(bp/cp/ngp) (3.37)

SCEohep = Ma0zehcy (3.38)

Wnet.hcp + (My, X LHVY,)

SCEo.anp = Wnet.dnprfc(f;:::z-]LHVdme) (3.39)

COz capture efficiency (CCE) is defined as the percentage of CO> captured from a power

plant’s total CO2 emissions and was calculated by using Equation 3.40. Purity of captured CO>
used in the environmental analysis refers to the percentage of CO- present in the concentrated CO>
stream, obtained at the end of CO; separation process. CO> utilization efficiency (CUE) for the
CCU schemes proposed in this research work was calculated by using Equation 3.41. In these
corresponding equations, the parameters 7 q,co, and Mo,y denotes the amount of CO- captured
by the calcium looping system and the amount of DME utilized by DPU respectively. The term

Mgenco, represents the total amount CO2 generated by the overall power plant (kg/s).

CCE = (m) (3.40)
Mgenco, (bp/cp/ngp/hcp/dnp)

CUE = (—Th“’z”t) (3.41)
Mgenco, dnp
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3.2.1.4 Cost analysis

A cost analysis was done to compare the financial viability of all the configurations. The
LCOE and CO- avoided cost (CA) were chosen as the main parameters to evaluate the performance
of all the configurations. The LCOE is defined as the cost associated per unit of electricity
generation over the lifetime of the plant and was calculated by using Equation 3.42 for all biomass
fired power plant configurations and by using Equation 3.43 for all other configurations. The CA
represents the cost incurred to capture the unit amount of CO> as shown in Equation 3.44. The
parameters TCR, MC and FC in these equations are the total capital requirement, maintenance cost
and fuel (biomass) cost respectively. The parameters FCF, CF, FOM and VOM are the fixed charge

factor, capacity factor, fixed and variable (operation and maintenance) costs respectively.

The TCR, MC, FOM and VOM were computed by first estimating the capital cost of each
unit/subsystem and then using the correlation provided in the literature (Whitesides., 2005; Zhu et
al., 2020; Hanak and Manovic., 2017a; Manzolini et al., 2013). Further, the necessary data required
to calculate each unit/subsystem cost and raw sorbent cost were obtained from the literature (Hanak
and Manovic., 2017a; Manzolini et al., 2013; Uday limestone., 2021; Castillo., 2007; Mustafa et
al., 2012; Whitesides.,2005; Chauvel et al., 2003). In Equation 3.44, the suffix C1 represents the
base case configuration, and Ci represents the other proposed configurations that were
demonstrated with respect to the base case. The FCF was calculated by using Equation 3.45 where

i represents the yearly project interest rate and N is the economical plant lifetime in years.

LCOE = (TC.RXFCF+ MC+FC) (3_42)
WnetXCFx8760 /p,
LCOE = (M +VOM + ﬂ) (3.43)
Whet XCFX8760 N /(cp/ngp/hep/dnp)
CA = LCOEci— LCOEcq (3.44)
EC02c1_ ECOZCi
_ (1+)N
FCF =i ooy (3.45)

The levelized product cost is defined as the average cost per kg of product produced by the

plant. The H> and DME can be sold as a feedstock for manufacturing different chemicals. Keeping
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this in view, the LPCH and LPCD were determined by using Equation 3.46. The APP in Equation
3.46 is the annual product production that represents the amount of product generated in terms of

kg/year using the developed configurations.

TCRXFCF+FOM+VOM)
APP (hep/dnp)

LPCH or LPCD = ( (3.46)

3.2.1.5 Exergoeconomic analysis

The exergoeconomic analysis is a method to study the exergy of the system along with the
consideration of economic principles. It helps to provide an integrated approach by an established
relationship between the cost and thermodynamic inefficiencies of the system. The
exergoeconomic factor was chosen as an indicator to evaluate the performance of all the units or

components of the configurations and to improve the performance of the system cost effectively.

The exergoeconomic factor (f) for any component or unit (n) was calculated by using
Equation 3.47. The cost rate associated with capital investment (Z) and cost rate of exergy
destruction (CD) were calculated by using Equation 3.48 and Equation 3.49. The variable CC
denotes the overall cost that includes FOM, VOM and capital cost of the corresponding unit or

component n and c represents the cost of exergy associated with the fuel.

Zn

fn = Zn+ CDn (347)

; FCF
Zy, = CFX8760 X CCy (3.48)
CDn = Crn X Exdest.n (349)
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Chapter 4

Results and Discussion

This section presents a detailed discussion of the results obtained from the simulation of
proposed configurations, parametric analyses, and comparison studies. This is done by carrying
out a comparative assessment of all the developed configuration on the basis of energy, exergy,
environmental, cost and exergoeconomic parameters. These discussions were made corresponding
to the objectives described in this thesis. The results help to demonstrate the effectiveness of the
proposed biomass, coal and natural gas fired power plant configurations integrated with CO>
capture, utilization and cogeneration schemes. The different configurations proposed for a given
fuel input such as coal/biomass/natural gas are analyzed independently and compared their
performances. At the end, the resulted effective biomass fired power plant, coal fired power plant
and natural gas fired combined cycle configurations are considered to study the effect of fuel on

performance of the power plant.

4.1 Performance assessment of calcium looping integrated biomass fired power plants

The performance of the proposed calcium looping integrated BFPP plants (BFPP2 and
BFPP3) were evaluated on the basis of energy exergy, environmental, cost and exergoeconomic
parameters. VVarious sensitive analyses to study the effect of carbonator temperature and mass flow
rate of organic fluid on the performance of BFPP3 were also presented in this sub section. The
performance of the proposed configurations are compared against the conventional BFPP (BFPP1)
to assess the merits and demerits. The key outcome of this study is to come up with an efficient
calcium looping integrated biomass fired power plant for CO> capture and electricity generation.
This feasibility study opens the avenues for construction of low capacity and grid-independent
power plants operates with the indigenous fuel and meets the electricity demands with carbon

negative technology in rural areas.

4.1.1 Plant performance

The energy and exergy analyses of the BFPP2 and BFPP3 configurations were carried out

and compared with the BFPP1 configuration to assess the thermodynamic performance. In this
89



study the reference state for exergy analysis is considered as To = 33 °C and po = 1.013 bar. The
results revealed that net energy and exergy efficiencies of the BFPP2 configuration were 9.20%
and 8.92%, while in the case of BFPP3 without CU the energy and exergy efficiency were found
to be 11.09% and 10.75% respectively. The results were shown in Table 4.1.

Table. 4.1 Plant performance indicators on thermodynamic basis for BFPP1, BFPP2 and BFPP3

Parameters

Energy basis

Exergy basis

BFPP1

BFPP3

BFPP2

Without
CuU

With
Cu

BFPP1

BFPP3

BFPP2

Without
CuU

With
Cu

Heat input
from
biomass
combustion
(kW)

2284.7

2284.7

2284.7

2284.7

2356.5

2356.5

2356.5

2356.5

ASS work
(kw)

45.4

454

CO2
compression
work (kW)

91

91

Gross
power
output (KW)

286

286

284.6

284.6

286

286

284.6

284.6

Net power
output (kW)

254.7

210.3

253.4

162.4

254.7

210.3

253.4

162.4

Gross
efficiency
(%)

12.52

12.52

12.46

12.46

12.14

12.14

12.08

12.08

Net
efficiency
(%)

11.15

9.2

11.09

7.11

10.81

8.92

10.75

6.89

Efficiency
penalty (%)

1.94

0.1

4.04

1.89

0.1

3.92

It indicates that for the same energy input from biomass combustion, the energy and exergy penalty
of a BFPP2 configuration was 1.94% and 1.89% while the BFPP3 without CU was only 0.1% as

compared with BFPP1. This is mainly due to the energy saving configuration of the double calcium

90



looping that enables the elimination of ASS and thus contributes in improving the thermal
efficiency of the overall plant. The proposed BFPP3 not only minimizes net auxiliary power
requirement but also leads to better utilization of energy with effective heat integration as
compared with conventional calcium looping system. Subsequently an additional power of 91 kW
was required to compress and store the concentrated CO> streams leaving the calcium looping

system.

The thermodynamic performance of BFPP3 with CU resulted in an efficiency penalty of
4.04% and 3.92% on energy and exergy basis respectively. Therefore, for further improvement of
the proposed configuration, more emphasis needs to be given to identify different heat integration
strategies for the reduction of CU’s power requirement. Though, the primary role of integrating
calcium looping process with the biomass fired power plants is to reduce overall CO, emissions
into the atmosphere, the thermodynamic parameters cannot be the only criteria for assessment.
Therefore, an ecological assessment was also carried out to assess the performance of BFPP3 based

on environmental parameters as shown in Table 4.2.

Table. 4.2 Results of the environmental assessment for BFPP1, BFPP2 and BFPP3

Environmental
performance BFPP1 BFPP2

indicators Without CU With CU

BFPP3

Instantaneous flow of
emitted CO- (kg/s)
CO. capture

0.23 0.022 0.022 0.022

. 90.43 90.43 90.43
efficiency (%)

Specific CO2
emission (g/kWh)

Lifetime CO»
emission of the power 116052.48 11100.67 11100.67 11100.67
plant (kg x 10%)

3250.63 376.62 312.56 487.83
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It was assumed that both standalone and calcium looping integrated biomass fired power plants
operate for 7008 hours annually for an overall plant life period of 20 years. On this basis, an overall
lifetime CO, emission associated with BFPP1 was found to be 116052.48 x 10° kg while the
BFPP2 and BFPP3 capturing 90.43% of CO> generated from combustion and have lower lifetime
CO; emission of 11100.67 x 10% kg only. Also, the So emissions were found to be negligible

because of the formation of CaSOy in the carbonator.
4.1.2 Exergy analysis of major units and components

As the BFPP3 configuration was energetically, exergetically and environmentally efficient
than other configuration, it was further analyzed in detail. An exergy analysis for major units of
BFPP3 was carried out to identify the scope for further performance enhancement. Fig. 4.1 shows
that the turbine and centrifugal pump have the highest exergy efficiencies of 93.97% and 98.23%.
This indicates that a large part of energy entering into the turbine and centrifugal pump has been
converted into useful work and thus exergy destruction is minimal in these two units. On the
contrary, it is evident from Fig. 4.2A that the highest amount of exergy destruction was found to
be in the DCaLU. It accounts for 47.83% of exergy destruction of the overall system. In this
41.23% of exergy destruction occurs in the combustor while 6.6% of exergy destruction occurs in
the calcium looping system. Followed by this is the evaporator that accounts for around 37.57%
of exergy destruction. A major reason for the exergy losses in the evaporator is due to the large
temperature difference between hot and cold fluid streams, (Yang et al., 2013) while the exergy
destruction in DCaLU is due to the irreversibilities associated with the chemical reactions (Wang
etal., 2013; Som et al., 2008).

The study also helps to locate the energy savings opportunities associated with the
proposed BFPP3 as shown in Fig. 4.2B. The results clearly demonstrate that there is a huge scope
of improvement potential (around 44.96%) within the evaporator present in the ORC section.
Incorporating regeneration and turbine bleeding techniques in the ORC are some of the options
that can be explored to improve the performance of the evaporator (Safarian and Aramoun., 2015).
The DCal U that comprises mainly of the combustor, carbonator, and calciner also holds together
a good amount of improvement potential of exergy saving of around 40.68%.
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Fig. 4.1 Exergy efficiency of all the units and components of BFPP3

Exergetic destruction

0.22%

1.55%
70 413%

mDCalLU
mHE2
HE3
m HE4
m Evaporator
uCU
® Turbine
Pump
m Condenser

0.25%

(A)

93



Improvement potential

(0)
0.002% _ 0.899% = DCalLU

mHE?2

HE3
mHE4
m Evaporator
=CU
® Turbine

1.75%

0.149  ump

m Condenser

(B)

Fig. 4.2 (A) — Distribution of exergy destruction (B) — Improvement potential of BFPP3
4.1.3 Cost and exergoeconomic analysis

Cost analysis provides valuable information in predicting the commercial feasibility of new
technologies. In this section, the results of cost analysis of BFPP1, BFPP2 and BFPP3 are
explained in detail. The results from Table 4.3 indicate that the TCR of the BFPP3 and BFPP2
were 7.57 M€ and 10.19 M€ as compared to BFPP1 having a TCR of 3.01 M€. The higher TCR
of both the calcium looping integrated biomass fired power plants are because of the additional
cost of calcium looping units that were used to capture the CO> generated by the power plant. It
was also found out the TCR of BFPP2 is higher than the BFPP3. This is because of the additional
cost imposed by the ASS that was used to supply pure O2 in the BFPP2. Elimination of ASS in
BFPP3 configuration leads to 0.71 €/kWh of LCOE which is significantly less than the BFPP2
configuration LCOE of 1.13 €/kWh.

It was also found out that the LCOE of these organic rankine cycle based BFPP1, BFPP2
and BFPP3 were quite higher as compared to rankine cycle based biomass fired cogeneration
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power plants and ASS coupled calcium looping integrated biomass fired cogeneration power plants
having the LCOE of approximately 0.06 €/ kWh — 0.41 €/kWh (Neto et al., 2021). This is because
of the plant which is integrated with organic rankine cycle that has low power production efficiency
than the steam rankine cycle. However, the power plant configurations with biomass as fuel were
designed with an intention to build low-capacity systems and for rural areas of India. For such
small scale power production configurations, the organic rankine cycle is more effective than the
steam cycle (Vankeirsbilck et al., 2011; Dai et al., 2009). Hence, this proposed BFPP3
configuration is certainly unique than other types of biomass fired power plants. The CA
determined from the cost analysis indicates that BFPP3 configuration require 0.13 € to avoid kg
of COz emission into atmosphere which is very minimum as compared BFPP2 having 0.28 €/kg
of COz. The overall results clearly indicate that the BFPP3 is economically and environmentally

better suitable as compared to BFPP2.

The exergoeconomic factor determined under this analysis for all the units/components
provides an insight of the relative importance of the exergy destruction, capital investment and
operation and maintenance costs. The results from Fig. 4.3 reveal that the highest exergoeconomic
factor in the BFPP3 was found to be in DCaLU with 93.79% and turbine with 94.28%. This is due
to the high cost associated with their capital, operating and maintenance. The relatively higher cost
of exergy destruction as compared to the capital cost has led to a low exergoeconomic factor of
15.84%, 5.67%, 8.36% and 16.09% in evaporator, HE3, HE4 and condenser respectively.
Therefore, in this case efforts must be made in the corresponding components to further reduce the
irreversibility or increase the overall investment with an aim to attain an exergoeconomic factor of

around 50%.

Table 4.3 Cost performance indicators of the BFPP1, BFPP2 and BFPP3

Parameter BFPP1 BFPP2 BFPP3

TCR (M€) 3.01 10.19 7.57
LCOE (€/kWh) 0.33 1.13 0.71

CA (€/kg) -- 0.28 0.13
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Fig. 4.3 Exergoeconomic factor of all the units and components of BFPP3

4.1.4 Sensitivity analysis

Sensitivity analysis is a key tool to assess the effect of key design and operating parameters
on the performance of the overall system. In this section, the carbonator temperature and mass
flow of organic fluid were varied with an aim to study their influence on CO. capture, sorbent
content and net efficiency of BFPP3.

4.1.4.1 Effect of carbonator temperature on the performance of BFPP3

Fig. 4.4A illustrates the noticeable effect of carbonator temperature on specific CO>
emissions and CO; capture efficiency at steady state. It has been observed that the CO> capture
efficiency decreases significantly with the increase in carbonator temperature. The highest carbon
capture efficiency of 94.28% was observed at 630 °C while the lowest (74.8%) was achieved was
at 690 °C. This huge variation of carbon capture was due to the inhibition of carbonation reaction
at higher temperatures (Yin et al., 2015; Charitos et al., 2010). The specific CO2 emissions increase

with an increase in carbonator temperature, as shown in Fig. 4.4A. However, it can be observed
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from Fig. 4.4B that the net energy efficiency of 11.09% is independent of carbonator temperature

at optimal sorbent circulation rate.
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Fig. 4.4 Effect of carbonator temperature on (A) specific CO2 emissions and CO. capture
efficiency (B) net energy efficiency and CaO circulation rate per unit of CO; in flue gas
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In addition, Fig. 4.4B also shows the optimal CaO circulation rate per unit of CO; in flue
gas (RCa.C) at different carbonator temperatures. At the carbonator reactor temperature of 630 °C,
the RCa.C value was found to be very high which indicates more CO: is being adsorbed at this
temperature. As the carbonator reactor temperature increases the sorption rate decreases hence low

amount of CaO is needed in the loop which resulted in decreasing of RCa.C ratio.

4.1.4.2 Effect of mass flow rate of organic fluid on the performance of BFPP3

Since the exergy analysis reveals that the highest exergy destruction was in the evaporator
of the ORC section, a parametric study in ORC was carried out to investigate the scope for possible
improvements in system design. The key parameters that affect the system performance include
the mass flow rate of the organic fluid, outlet temperature, and the power consumption by the
centrifugal pump. Based on the results of Fig. 4.5A and 4.5B, the optimal parameters can be
deduced at constant pressure drop across the turbine. Fig. 4.5A indicates that the energy and exergy
efficiency of the BFPP3 increase with increase in mass flow rate of the organic fluid (R-245fa).
This is due to the lower turbine outlet temperature that results in lower enthalpy loss and higher
work output at higher mass flow rates of organic fluid. In the following analysis, it has been found
out that an energy and exergy efficiency of 11.26% and 10.92% can be achieved at the lowest

turbine outlet temperature of 48.58 °C.

The characteristics of organic fluid also play a critical role in the performance of the
system. The thermal capacity (UA), i.e., the product of overall heat transfer coefficient (assumed
as constant) of the organic fluid and evaporator area was calculated as a function of mass flow rate
of the organic fluid. Fig. 4.5B represents the gradual decline of the UA as the mass flow rate of
organic fluid increases. The highest UA of 11.56 kW/K was observed at an organic fluid mass
flow rate of 7 kg/s while the lowest (10.39 kW/K) was found to be at 11 kg/s. This analysis reveals
that for a given heat input of hot fluid (thermal oil), evaporator surface area is decreasing with the
increase in mass flow rate of organic fluid. The energy consumption of the centrifugal pump was

also calculated to determine its influence on the performance of the overall system.
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Fig. 4.5 Effect of organic fluid (R-245fa) mass flow rate on turbine outlet parameters
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The results indicate that the energy requirement of the pump steadily increases from
10.33 kW to 14.67 kW as the mass flow of organic fluid increases. However, this result when
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compared with Fig. 4.5A clearly indicates that the rate of increase in power consumption by the
centrifugal pump is much lower than the rate of increase in turbine power output resulting in the
higher efficiency of the overall system with increase in mass flow rate of the organic fluid. The
thermodynamic analysis favors high organic fluid circulation rate for better efficiency of the cycle;
however, this will lead to the requirement of larger pump and turbine units and thus can increase
the capital and operating cost of the system. This leads to a tradeoff assessment between the desired

power generation and organic fluid circulation for an economical process development.

4.2 Performance assessment of calcium looping integrated coal fired power plants

In this sub-section, the performance assessment was carried out for the proposed Calcium
looping integrated Coal Fired Power Plants (CFPP2 & CFPP3). The merits of the proposed
configurations were evaluated by comparing them with conventional CFPP (CFPP1). The overall
assessment of all the developed configurations were carried out on the basis of energy, exergy,
environmental and cost parameters. The key outcome of this study is to propose an efficient

calcium looping integrated coal fired power plant configuration for CO> capture and electricity.
4.2.1 Plant performance

In this section, Table 4.4 and Table 4.5 presents the overall comparative evaluation of
CFPP1, CFPP2 and CFPP3 power plant configurations on energy and exergy basis while Table
4.6 represents the same on environmental basis. The environmental reference state taken for the
study is 1.013 bar and 33 °C. All the three power plant configurations were analyzed at same
amount of energy and exergy input of 1432.30 MW and 1565.30 MW respectively. The net energy
and exergy efficiency of CFPP3 (without CU) was found to be 35.46% and 32.44%. This is higher
than CFPP2, which has an overall energy and exergy efficiency of 32.46% and 29.70%. The net
energy penalty of CFPP3 was found to be 0.52% only against the energy efficiency of CFPP1.
Likewise, the exergy penalty of CFPP3 was also found to very low i.e., 0.48%. The results revealed
that the proposed integration strategy in CFPP3 possess a higher degree of energy utilization as
compared to the CFPP2 in which the energy and exergy penalty was found to be 3.52% and 3.22%
when compared against the CCFP1. Since CO, compression is an essential process for carbon

sequestration, the energy and exergy efficiency were also calculated for the CFPP3 by integrating
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a CU. The results revealed that the energy and exergy penalty of CFPP3 with CU were 4.20% and
3.85%.

Table 4.4 Plant performance of CCFP1, CFPP2 and CFPP3 on energy basis

CCFP3
Parameters CFPP1 CFPP2
Without CU | With CU
Energy input from coal combustion | 145 56 | 143230 | 143230 | 1432.30
(MW)
Gross power output (MW) 590.56 592.07 591.70 591.70
Total electricity consumption
(MW) 75.25 127.11 83.85 83.85
Electricity consumption by CU
(MW) 52.75
Net power output (MW) 515.31 464.96 507.85 455.10
Net energy efficiency (%) 35.98 32.46 35.46 31.77
Energy efficiency penalty (%) 3.52 0.52 4.20

Table 4.5 Plant performance of CCFP1, CFPP2 and CFPP3 on exergy basis

CCFP3
Parameters CFPP1 | CFPP2
Without CU | With CU
Exergy input from coal combustion
1565.3 | 1565.3 1565.3 1565.3
(MW)
Gross power output (MW) 590.56 | 592.07 591.70 591.70
Total electricity consumption (MW) | 75.25 | 127.11 83.85 83.85
Electricity consumption by CU
y P Y 52.75
(MW)
Net power output (MW) 515.31 | 464.96 507.85 455.10
Net exergy efficiency (%) 32.92 29.70 32.44 29.07
Exergy efficiency penalty (%) 3.22 0.48 3.85
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Since the foremost objective of any CO> capture system is to lower the CO. emissions
significantly, an analysis as shown in Table 4.5 was also carried out to assess the performance of
the proposed configuration on environmental basis. It was assumed that all the three power plant
configurations have an overall plant life period of 25 years and operate 7008 hours annually. The
results revealed that as compared to the CCFP1 that produces the lifetime CO2 emissions of around
7,99,16,195 Mg, the lifetime CO, emissions in CFPP2 and CFPP3 (without CU) were found to be
the lowest with around 73,79,424 Mg and a CO. capture efficiency of approximately 91%. The
results also revealed that with the addition of CU, the specific CO2 emission of CFPP3 was higher
i.e., 92.55 kg/MWh as compared to CFPP3 (without CU) that was having a specific CO2 emission
of 82.94 kg/MWh.

Table 4.6 Plant performance of CFPP1, CFPP2 and CFPP3 based on environmental analysis

Environmental CFPP3
performance indicators CFPPL CFPP2

Without CU With CU

Instantaneous  flow  of

emitted CO> (kg/s) 126.71 11.7 11.7 11.7
COz capture efficiency (%) 91.05 91.05 91.05
Specific CO2 emission

(kg/MWHh) 885.17 90.59 82.94 92.55
Annual CO2 emission

(kax 109 31,96,648 | 2,95,177 2,95177 2,95,177
Lifetime CO> emission of

the power plant | 7,99,16,195 | 73,79,424 73,79,424 73,79,424
(kg x 10%)

4.2.2 Exergy analysis of major units and components

The exergy analysis was performed to investigate the thermal losses due to irreversibilites
of the major units in the CFPP3, which is the most efficient configuration among the three CFPP
configurations. The analysis not only identifies the location of losses but also helps to determine
the maximum scope of improvement possible in the system. It was observed from Fig. 4.6 that the
HPT and IPT have the highest exergetic efficiency of 98.39% and 98.24%. This was followed by
the LPT and the air compressor (AC) having an exergy efficiency of 92.97% and 72.26%
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respectively, and thus these corresponding units hold very less exergy destruction. On the contrary,
the highest exergetic destruction was found to be in the DCaLU with an exergetic destruction of
88.86% as shown in Fig. 4.7A. In this, the combustor and calcium looping system holds 68.43%
and 20.43% respectively. A major reason for this exergy destruction was because of the
irreversibilities of the chemical reactions that occur in the combustor and the reactors of calcium
looping unit (Wang et al., 2013; Som et al., 2008).
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Fig. 4.6 Exergy efficiency of units and components in CFPP3

The results also indicate that the air preheater (HE3) and the CU although holds
significantly lower exergetic destruction as compared to DCaL U but was the second and third
largest exergetic destruction, i.e., 3.49% and 2.94% as compared to all other units. This exergy
destruction was mainly due to the large difference in temperature between its cold and hot fluids
(Zhao et al., 2017). As mentioned above, the exergy analysis also helps to evaluate the margin for
potential improvement of the CFPP3 configuration. This is illustrated in Fig. 4.7B.
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Fig. 4.7 (A) — Distribution of exergy destruction, (B) — Improvement potential in CFPP3
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The results indicate that the highest scope of improvement potential was in the DCalL U that
holds an exergetic improvement potential of around 89.22% (284.62 MW). One way to explore
this exergetic improvement potential is to increase the combustion temperature (Anheden and
Svedberg., 1998). This can be done by reducing the excess air ratio. However, more research is
needed to identify materials that can endure such higher temperatures. The HE3 and CU also hold
a reasonable amount of exergetic improvement potential of 6.02% (19.2 MW) and 4.14%
(13.2 MW) respectively.

4.2.3 Cost and exergoeconomic analysis

In this section, the comparative cost analysis of CFPP1, CFPP2 and CFPP3 was carried out
to demonstrate the competitiveness of the proposed CFPP3 in terms of economics. The main
assumptions considered in this study were reported in Chapter 3. The results of all the three
configurations are presented in Table 4.7. The comparative assessment of CFPP1, CFPP2 and
CFPP3 reveals that the TCR of CFPP2 and CFPP3 were 1107.78 M€ and 998.52 M€ as compared
to the TCR of CFPP1 i.e., 696.26 M€. This is due to the additional installation of calcium looping
unit that captures the CO. produced from the power plant. A higher TCR of CFPP2 as compared
to the CFPP3 was primarily because of the ASS in CFPP2 which was needed to produce O for
combustion. The CFPP3 configuration has a better LCOE of 51.14 €/ MWh and CA of 17.36 €/t of
CO. when compared against the CFPP2 that has a LCOE of 61.13 € MWh and CA of 30.11 €/t of
COa.

Table 4.7 Cost performance indicators of the CFPP1, CFPP2 and CFPP3

Cost parameters CFPP1 CFPP2 CFPP3
TCR (M€) 696.26 1107.78 998.52
LCOE (€/MWh) 37.21 61.13 51.14
CA (en) - 30.11 17.36

The results from exergoeconomic analysis of CFPP3 shown in Fig. 4.8 reveals that the
cooling water system and BOP unit has the lowest exergoeconomic factor of 26.74%. This implies
that the cost of exergy destruction is dominant than its associated investment cost. Therefore, more

investment can be made in the cooling water and BOP unit to further reduce the exergy destruction.
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The calcium looping plant and steam turbine, generator and auxiliaries possess an exergoeconomic
factor of 93.04% and 94.81% respectively. For these units, it is beneficial to identify a more cost-

effective way that can lead to an improvement in the overall process.

Exergoeconomic Factor (%)
a1
o

O T T T 1
Calcium looping Steam turbine, Cooling water High and low
plant generator and system and BOP pressure heat
auxillaries exchangers
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Fig. 4.8 Exergoeconomic factor of different units in CFPP3
4.2.4 Sensitivity analysis

A sensitivity analysis was carried out for CFPP3 configuration and presented the effect
of carbonator temperature, condenser pressure and isentropic efficiency of the turbines on plant

performance. The results obtained from these sensitivity analyses were discussed in this
section.

4.2.4.1 Effect of carbonator reactor temperature on the performance of CFPP3

The carbonator reactor temperature was varied and its outcome on the performance of
CFPP3 was analyzed by observing its effect on specific CO2 emissions, CO- capture efficiency,
RCa.C and net energy efficiency. Fig. 4.9A shows the variation of specific CO2 emission and CO>
capture efficiency with respect to the carbonator reactor temperature. The results indicate that as
the carbonator reactor temperature was increased from 630 °C to 690 °C, the CO. capture
efficiency was reduced from 94.64% to 76.37%. On the other hand, the specific CO> emission
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increased considerably from 49.76 kg/MWh to 219.14 kg/MWh. This behavior in carbonator
temperature was due to the inhibition of carbonation reaction with the increase in temperature
(Charitos et al., 2010; Yin et al., 2015).

Fig. 4.9B illustrates the variation of RCa.C and net energy efficiency with respect to the
carbonator rector temperature. The net energy efficiency was found to be nearly constant i.e.,
35.46% with the variation of carbonator reactor temperature. This reveals that net energy
efficiency of CCFP3 (without CU) is an independent parameter with respect to the change in
carbonator temperature. For the carbonator temperature of about 690 °C, the RCa.C value was
found to be around 4.16 while at the temperature of 630 °C, it was 6.36. The decreasing trend of

RCa.C clearly shows the lower sorption rates at higher carbonator temperatures.

E 225 T B 98

g 200 7 | 94 —
E» 175 4 00 S
2 150 - IRa)
2 125 4 - 86 E
g 100 - - 82 O
Q 5 L 78 &
o 50 - S
= ] L 74 S
5 2 S
& 0 70

620 630 640 650 660 670 680 690 700
Carbonator Temperature (°C)

Specific CO2 emissions (kg/MW.h) CO2 capture efficiency (%)

(A)

107



6.5 - 100

61 L 80 ©

5.5 - 2

© - 60 3

g 5y :

- 40 2

45 - Z
4 - - 20
3.5 T T T T T T O

630 640 650 660 670 680 690

Carbonator Temperature (°C)

RCa.C Net efficiency (%)

(B)

Fig. 4.9 Effect of carbonator temperature on (A) specific CO, emissions and CO> capture
efficiency (B) net energy efficiency and CaO circulation rate per unit of COz in flue gas

4.2.4.2 Effect of isentropic efficiency of steam turbines on the performance of CFPP3

The relationship between the net energy efficiency, net exergy efficiency and specific CO>
emission for different values of isentropic steam turbine efficiencies is presented in Fig. 4.10. The
results indicate that the net energy efficiency and net exergy efficiency increases in a linear
proportion with respect to the isentropic efficiency of steam turbines. The highest energy and
exergy efficiency were found to be 36.73% and 33.61% at an isentropic steam turbines efficiency
of 94% while lowest energy and exergy efficiency were found to be 31.41% and 28.74% at an
isentropic steam turbine efficiency of 74%. It also shows that with the increase in work output, the

specific CO, emissions also decrease steadily.
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Fig. 4.10 Effect of isentropic efficiency of steam turbines on specific CO emission, net energy
and exergy efficiency

The specific CO2 emission ranges between 80.07 kg/MWh and 93.32 kg/MWh indicates
the possible amount of CO2 emission reduction per unit of electricity generation that can be
attained between a range of 74% and 94% of isentropic steam turbine efficiency. Thus, the results
reveal that with the increase in isentropic efficiency of steam turbines, the thermal losses of the
steam turbines were reduced and hence lead to higher efficiency (Rahman et al., 2011) and lower
specific CO2 emissions. Implementation of certain modifications in steam turbines as reported in
the literature (Bhatt., 2011; Lee et al., 2017) can provide an option to enhance this isentropic
efficiency of steam turbines and to improve the overall performance of CFPP3.

4.2.4.3 Effect of condenser pressure on the performance of CFPP3

The variation in the performance of CFPP3 with respect to the change in condenser
pressure is illustrated in Fig. 4.11. Net energy efficiency, net exergy efficiency, specific CO>
emission and the net electrical energy consumption of the power plant were taken as main
parameters for this analysis. It should be noted that when the condenser pressure was changed, the

total heat input and mass flowrate of water/steam remains constant.
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Fig. 4.11 Effect of condenser pressure on specific CO2 emission, net energy efficiency, net
exergy efficiency and electrical energy consumption

The observation from Fig. 4.11 indicates that the electrical energy consumption increases
from 81.89 MW to 82.40 MW with the reduction in condenser pressure. This was due to the higher
energy consumption of the pumps to maintain the constant pressure required. However, the result
also reveals the simultaneous increase in net energy efficiency from 34.67% to 36.60% and net
exergy efficiency from 31.72% to 33.49% with the decrease of condenser pressure. The main
reason for this was because of the higher steam expansion in turbines that ultimately leads to higher
net work output. The specific CO2 emission was also calculated at various values of condenser
pressure considered for this parametric analysis. The highest specific CO, emission of 84.82
kg/MWh was observed at a condenser pressure of 0.143 bar while the lowest specific CO, emission
of 80.34 kg/MWh was observed at a condenser pressure of 0.063 bar.
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4.3 Performance assessment of calcium looping integrated natural gas fired combined cycle

power plants

In this section, the performance of the proposed NGFCPP3 and NGFCPP2 configurations
are compared with dual NGFCPP1. A framework for evaluating all the developed configurations
was built on the basis of energy, exergy, environmental and cost analyses. A primary objective of
this study is to come up with an efficient calcium looping integrated natural gas fired combined
cycle power plant for CO- capture and electricity generation. The identified efficient natural gas
fired combined cycle power plant configuration is further studied using sensitivity analyses to see
the effect of carbonator reactor temperature, isentropic efficiency of gas turbine and condenser

pressure on the plant performance.

4.3.1 Plant performance

The results from the performance assessment based on the overall energy, exergy and
environmental parameters were analyzed and discussed in this sub-section. Table 4.8, Table 4.9
and Table 4.10 represent the overall comparative evaluation of all the developed power plant
configurations. The environmental reference state taken for the study is 1.013 bar and 33 °C. The
result in Table 4.8 and Table 4.9 shows that the amount of energy and exergy input supplied to all
the three power plant configurations were same i.e., 551.88 MW and 584.99 MW. A significant
amount of energy i.e., 205 MW in case of NGFCPP1 and 102 MW in case of NGFCPP2 and
NGFCPP3 is consumed by the air compressor of GPGU’s. The net energy and exergy efficiency
of NGFCPP3 (without CU) was found to be 31.69 % and 29.90 % as compared to the energy and
exergy efficiency of NGFCPP1 having an energy and exergy efficiency of 36.24 % and 34.19 %.
Similarly, the NGFCPP2 having an energy and exergy efficiency of 30.22 % and 28.51 % was also
found to be lower than NGFCPP1. The lower energy and exergy efficiency of NGFCPP3 and
NGFCPP2 as compared to NGFCPP1 was mainly due to the replacement of a GPGU by calcium
looping based CO capture unit. The GPGU that works on the basis of the Brayton cycle is
generally more energy efficient than SPGU that works on the basis of Rankine cycle (Layton et
al., 2012). Thus, the replacement of GPGU with CCaLU or DCaLU resulted in low electrical

energy production in the integrated power plants.
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Table 4.8 Plant performance of NGFCPP1, NGFCPP2 and NGFCPP3 on energy basis

NGFCPP3
Parameters NGFCPP1 | NGFCPP2 i i
Without CU With CU
Energy input from natural
_ 551.88 551.88 551.88 551.88
gas combustion (MW)
Gross power output (MW) 446.16 305.09 305.09 305.09
Electricity consumption by
compressor of GPGU 205 102.5 102.5 102.5
(MW)
Total electricity
_ 246.14 138.32 131 131
consumption (MW)
Electricity consumption b
Y P Y 12.04
CU (MW)

Net power output (MW) 200.02 166.77 174.89 162.85
Net energy efficiency (%) 36.24 30.22 31.69 29.51
Energy efficiency penalt

i P Y 6.02 4.55 6.73
(%)

It was also observed that the NGFCPP3 (without CU) has less energy and exergy penalty
of 4.55% and 4.29% as compared to the NGFCPP2 having an energy and exergy penalty of 6.02%
and 5.68%. This is because of the elimination of the ASS in NGFCPP3 that consumes a
considerable amount of electricity produced by the power plant. Thus, the result reveals that the
proposed integration strategy in NGFCPP3 holds a higher degree of energy utilization as compared
to the NGFCPP2. Since the CO2 compression is an essential process for carbon sequestration, the
energy and exergy efficiency were also calculated for the NGFCPP3 by integrating a CU. The
results revealed that the energy and exergy penalty of NGFCPP3 (with CU) were 6.73% to 6.35%.
Therefore, a better energy integrating strategy needs to be identified to further reduce the energy

consumption of CU.

112



Table 4.9 Plant performance of NGFCPP1, NGFCPP2 and NGFCPP3 on exergy basis
NGFCPP3
Without CU With CU

Parameters NGFCPP1 NGFCPP2

Exergy input from
natural gas combustion 584.99 584.99 584.99 584.99
(MW)

Gross power output
(MW)
Electricity consumption
by compressor of GPGU 102.5 102.5 102.5 102.5

(MW)

Total electricity

446.16 305.09 305.09 305.09

_ 246.14 138.32 131 131
consumption (MW)
Electricity consumption
12.04
by CU (MW)
Net power output (MW) 200.02 166.77 174.89 162.85
Net exergy efficiency
34.19 28.51 29.90 27.84
(%)
Exergy efficienc
W Y 5.68 4.29 6.35

penalty (%)

The environmental analysis in terms of CO2 emissions for all configurations was given
in Table 4.10. The result shows that at the same carbonator reactor temperature (600 °C), the
overall CO2 capture efficiency and specific CO2 emissions in NGFCPP2 were 93.9% and 41.45
kg/MWh as compared to NGFCPP2, having a CO. capture efficiency and specific CO>
emissions of 91.3% and 57.02 kg/MWh. This correspondingly results in the lifetime CO-
emission of 1210982.4 Mg in NGFCPP2 and 1747094.4 Mg in NGFCPP3. However, the CO
obtained as the end product in NGFCPP3 was 99.9% pure when compared to 96.8% CO2 purity
in the case of NGFCCPP2.
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Table 4.10 Plant performance of NGFCPP1, NGFCPP2 and NGFCPP3 based on
environmental analysis

Environmental performance NGFCPP3
NGFCPP1 NGFCPP2
indicators Without CU | With CU
Total amount of CO>
generated in the power plant | 31 92 31.72 31.92 31.92
(kg/s)
Total amount of captured by
the calcium looping unit 20.8 29.15 29.15
(kals)
CO: capture efficiency (%) 93.9 91.32 91.32
Purity of captured CO2 (%) 96.8 99.99 99.99
Specific CO2 emission
(kg/MWh) 57451 41.45 57.02 61.23
Annual CO; emission
(kg x 109 805303.3 48439.3 69883.78 69883.78
Lifetime CO2 emission of
the power plant 20132582.4 | 1210982.4 1747094.4 1747094.4
(kg x 10°)

4.3.2 Exergy analysis of major units

In this analysis, the exergy efficiency, exergy destruction and exergetic improvement
potential were taken as the main parameters to identify the location of efficiency losses and to
determine the maximum scope of improvement possible in the NGFCPP3 configuration. The
exergetic efficiency, exergy destruction and improvement potential of all the units in NGFCPP3
configuration are presented in Fig. 4.12. It was observed that the highest exergetic destruction was
associated with DCalL. U, which holds the highest exergetic destruction of 43%. This includes 30%
and 13% of exergy destruction in combustor and calcium looping system respectively. Followed
by this, the second highest exergy destruction of 34%, was found in the GPGU2. A major reason

for the high exergy losses in these units are due to chemical reaction irreversibility in combustors
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and reactors and the excess air supplied to the power plant. The CU having the lowest exergy

destruction of 2% signifies that the thermal losses were significantly lower than other units.

The exergy analysis also helps to quantify the energy savings by calculating the exergetic
efficiency and improvement potential. The calculated exergy efficiency and improvement potential
for the proposed configuration are presented in Fig. 4.12B. The results indicate that the SPGU has
exergetic efficiency of 75.22%, which was highest compared to all individual units. This shows
that the SPGU effectively converts thermal energy into electrical energy with minimal exergy
destruction. However, the exergetic improvement potential of 19.6 MW indicates that a
considerable amount of energy can be recovered from the SPGU. On the other hand, besides
having the lowest exergy efficiency of 54.2%, the CU has a very low exergetic improvement
potential compared to other units because of its significantly less energy intensive operation
requirement. The result also quantifies the maximum potential of improvement in the NGFCPP3
that can be explored in the DCaLU and GPGUZ2. The exergetic improvement potential of DCalLU
and GPGU2 was found to be 70.71 MW and 43.66 MW respectively.

= GPGU 2
a3% | = SPGU
=CU
DCalLU

(A)
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Fig. 4.12 Distribution of (A) Exergy destruction (B) Exergy efficiency and improvement
potential in NGFCPP3

4.3.3 Cost and exergoeconomic analysis

The cost analysis plays a very vital role in determining the operational feasibility of the
power plants. The TCR, LCOE and CA were used as main performance indicators to analyze
the comparative assessment of the developed configurations from a cost perspective. The
outcome of cost analysis in terms of these estimated performance indicators is presented in
Table 4.11.

The result indicates that with the integration of DCaLU and CCaLU, the TCR in the
NGFCPP3 and NGFCPP2 configurations increases to 866.97 M€ and 976.19 M€ as compared
to NGFCCPP1 having a TCR of 262.36 M€. The higher TCR of NGFCPP2 compared to the
NGFCCPP3 was because of the cost incurred by the ASS integrated into the NGFCPP2. The
LCOE and LPCD were also calculated for the proposed configurations and compared as shown
in Table 4.11. The results reveal that the NGFCPP2 configuration has higher LCOE and CA
of 143.12 € MWh and 0.19 €/kg as compared to the NGFCPP3 having a LCOE of 129.11
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€/MWh and 0.16 €/kg. This shows that the NGFCPP3 is economically more competitive than
NGFCPP2 from the electricity generation from the CO> mitigation perspective. Furthermore,
the LCOE of NGFCPP3 as compared to NGFCPP1 is quite high. This is primarily due to the
addition of DCaLU in place of GPGUL. As a result of this modification, more capital was

required and an energy penalty was incurred, but at the same time, 91% of the CO» generated

during combustion was captured.

Table 4.11 Cost performance indicators of NGFCPP1, NGFCPP2 and NGFCPP3

Cost parameters NGFCPP1 NGFCPP2 NGFCPP3
TCR (M€) 262.36 976.19 866.97

LCOE (€/MWh) 44.95 143.12 129.11
CA (€/kg) 0.19 0.16

The results from exergoeconomic analysis of NGFCPP3 configuration as shown in
Fig. 4.13 reveal that the HRSG1, HRSG2 and cooling water system with BOP unit have

exergoeconomic factors of 20.47%, 17.61% and 17.16% respectively.

Exergoeconomic Factor (%)

Gas turbine, HRSGL1 HRSG2 Steam Cooling DCalLU

generator turbine, water
and generator  system and
auxillaries and BOP
auxillaries
Units

Fig. 4.13 Exergoeconomic factor of different units in NGFCPP3
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Thus, reducing energy destruction in these units can result in an increase in capital expenditure
savings. On the other hand, the exergoeconomic factor of 89.42% and 87.13% in steam turbine,
generator and auxiliaries and DCaLU correspondingly indicates that the necessary studies are
needed to be carried out to reduce its relevant expenditure. The gas turbine, generator and
auxiliaries with an exergoeconomic factor is nearly 50% reveals that neither the capital cost of

the unit nor cost of the exergy destruction are dominating to each other.

4.3.4 Sensitivity analysis

A sensitivity analysis in NGFCPP3 was carried out to assess the performance of the
plant by varying the carbonator temperature, condenser pressure and isentropic efficiency of
the turbines. The results obtained from these sensitivity analyses were discussed in this section.

4.3.4.1 Effect of carbonator reactor temperature on the performance of NGFCPP3

The carbonator reactor temperature was varied and its outcome on the performance of
NGFCPP3 was analyzed by observing its effect on specific CO. emissions, CO- capture efficiency,
RCa.C and net energy efficiency. Fig. 4.14A shows the variation of specific CO2 emission and
CO- capture efficiency with respect to the carbonator reactor temperature. The results indicate that
as the carbonator reactor temperature was increased from 580 °C to 640 °C, the CO: capture
efficiency was reduced from 94.88% to 74.22%. On the other hand, the specific CO2 emission
increased considerably from 32.30 kg/MWh to 165.72 kg/MWh. This behaviour in carbonator
temperature was due to the inhibition of carbonation reaction with the increase in temperature
(Charitos et al., 2010; Yin et al., 2015).

Fig. 4.14B illustrates the variation of RCa.C and net energy efficiency with respect to the
carbonator reactor temperature. The net energy efficiency was found to be nearly constant at
31.69% with the variation of carbonator reactor temperature. This reveals that the net energy
efficiency of NGFCPP3 (without CU) is an independent parameter with respect to the change in
carbonator temperature. The variation of RCa.C indicates the CaO sorption rates with respect to
the carbonator reactor temperature. The highest RCa.C, i.e., 23.77, was found to be at the
carbonator reactor temperature of 580 °C, while the lowest RCa.C, i.e., 7.06 was found to be at the
carbonator reactor temperature of 640 °C.
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Fig. 4.14 Effect of carbonator temperature on (A) specific CO2 emissions and CO> capture
efficiency (B) net energy efficiency and CaO circulation rate per unit of CO: in flue gas
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4.3.4.2 Effect of isentropic efficiency of gas turbine on the performance of NGFCPP3

The variation of net energy efficiency, net exergy efficiency and specific CO, emission for
different values of isentropic gas turbine efficiency is presented in Fig. 4.15. The results indicate
that the net energy efficiency and net exergy efficiency increases in a linear proportion with respect
to the isentropic efficiency of gas turbine. The highest energy and exergy efficiency were found to
be 35.05% and 33.07% at an isentropic gas turbine efficiency of 91% while lowest energy and
exergy efficiency were found to be 28.33 % and 26.72 % at an isentropic gas turbine efficiency of
71%. The results reveal that with the increase in isentropic efficiency of gas turbines, the thermal
losses of the gas turbine reduce and thus lead to higher work output and efficiency. It also shows
that with the increase in work output, the specific CO2 emission also decreases steadily. The
specific CO2 emission ranges between 63.79 kg/MWh and 51.55 kg/MWh indicates the possible
amount of CO. emission reduction per unit of electricity generation that can be attained between
a range of 71% and 91% of isentropic gas turbine efficiency. Improving the geometry of gas
turbine’s casing and blade are some of the ways that can enhance the isentropic efficiency of gas

turbines (Kadhim et al., 2018; Pakatchian et al., 2015)

65 1 r 37

(%)

Net energy and exergy efficiency

50 - . . . 25
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Isentropic efficiency of gas turbine (%)

Specific CO, emissions (kg/MWh)

Specific CO2 emissions (kg/MWh)  —e—Net energy efficiency (%)
Net exergy efficiency (%)

Fig. 4.15 Effect of isentropic efficiency of gas turbine on specific CO, emission, net energy and
exergy efficiency
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4.3.4.3 Effect of condenser pressure on the performance of NGFCPP3

The variation in the performance of NGFCPP3 with respect to the change in condenser
pressure is illustrated in Fig. 4.16. The net energy efficiency, net exergy efficiency, specific CO>
emission and the net electrical energy consumption of the power plant were taken as the main
parameters for this analysis. It should be noted that when the condenser pressure was changed, the
total heat input and mass flowrate of water/steam was kept constant. The result reveals that the net
energy efficiency increases from 30.82 % to 32.94 % and net exergy efficiency from 29.08 % to
31.07 % with the decrease of condenser pressure. The main reason for this is the higher gas
expansion in turbines that ultimately leads to higher net work output. The specific CO> emission
was also calculated at various values of condenser pressure considered in this parametric analysis.
The highest specific CO2 emission of 58.62 kg/MWh was observed at a condenser pressure of

0.143 bar, while the lowest specific CO2 emission of 54.86 kg/MWh was observed at a condenser

pressure of 0.063 bar.
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Fig. 4.16 Effect of condenser pressure on specific CO emission, net energy efficiency and net
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4.4 Performance assessment of Hz production unit coupled with calcium looping integrated
coal fired power plant (HCFPP1 and HCFPP2)

In this section, the performance of the proposed single and double calcium looping
integrated coal fired power plants (referred as HCFPP1 and HCFPP2 respectively) for
cogeneration were analyzed on the basis of overall energy, exergy and environmental parametric
indicators. Table 4.12 and Table 4.13 represent the overall comparative evaluation of the two
developed power plant configurations on energy and exergy basis while Table 4.14 represents the
same on environmental basis. The environmental reference state taken for the study is 1.013 bar
and 33 °C. The results in Table 4.12 and Table 4.13 show that the amount of energy and exergy
input supplied to both the power plant configurations were same i.e., 1511.45 MW and 1651.08
MW.

Table 4.12 Plant performance of HCFPP1 and HCFPP2 on energy basis

HCFPP2
Parameters HCFPP1
Without CU With CU
Energy input from coal combustion
1511.45 1511.45 1511.45
(MW)
Gross power output (MW) 570.26 570.37 570.37
Total Electricity consumption
137.54 94.06 94.06
(MW)
Electricity consumption by CU
Y P Y 55.30
(MW)
Net power output (MW) 432.72 476.31 421.02
Energy obtained from the generated
89.18 89.18 89.18
H2
Net electrical efficiency (%) 28.63 31.51 27.86
Overall energy efficiency (%) 34.53 37.41 33.76
Overall ener ain(-) or
9y gain() -2.88 0.77
penalty(+) (%)
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The results reveal that net electrical power output in HCFPP1 and HCFPP2 was found to
be 432.72 MW and 476.31 MW respectively. The higher net electrical power output in HCFPP2
was mainly due to the elimination of ASS in the process of CO> capture as compared to the
HCFPPL1. The overall net energy and exergy efficiency of HCFPP2 (without CU) was found to be
37.41% and 34.16%. The HCFPP1 has an overall energy and exergy efficiency of 34.53% and
31.52%. As compared to the performance of HCFPP1 configuration without CU, the HCFPP2
configuration without CU has net energy and exergy gain of 2.88% and 2.64% and the same
configuration with integration CU has net energy and exergy penalty of 0.77% and 0.71%. Thus,
the results reveal that the proposed strategy in HCFPP2 holds a superior degree of energy
utilization when integrated with calcium looping gasification based Hz production unit as

compared to the HCFPP1 configuration.

Table 4.13 Plant performance of HCFPP1 and HCFPP2 on exergy basis

HCFPP2
Parameters HCFPP1
Without CU With CU
Exergy input from coal
_ 1651.08 1651.08 1651.08
combustion (MW)
Gross power output (MW) 570.26 570.37 570.37
Total electricity consumption
137.54 94.06 94.06
(MW)
Electricity consumption by CU
Y P Y 55.30
(MW)
Net power output (MW) 432.72 476.31 421.02
Exergy obtained from the
87.99 87.99 87.99
generated H>
Net electrical efficiency (%) 26.20 28.84 25.49
Overall exergy efficiency (%) 31.52 34.16 30.82
Overall exer ain(-) or
9y gain() -2.64 0.71
penalty(+) (%)

Since the foremost objective of any CO> capture system is to lower the CO. emissions

significantly, an analysis as shown in Table 4.14 was also carried out to assess the performance of
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the proposed configuration on environmental basis. It was assumed that both power plant
configurations have an overall plant life period of 25 years and operate 7008 hours annually. The
carbonator reactor temperature in both HCFPP1 and HCFPP2 configurations was adjusted to
capture around 91.05% of CO> generated in the overall plant. From the environmental analysis, it
was observed that the specific CO2 emission of HCFPP1 was higher i.e., 85.11 kg/MWh as
compared to HCFPP2 (without CU) that was having a specific CO2 emission of 78.57 kg/MWh.
The purity of CO> obtained from the HCFPP1 configuration was also found to be low, i.e., 83.76%
as compared to HCFPP2 configuration having a CO. purity of 97.2%.

Table 4.14 Plant performance of HCFPP1 and HCFPP2 based on environmental analysis

Environmental HCFPP2
o HCFPP1
performance indicators Without CU With CU
Total CO> generated from
overall power plant (kg/s) 137.9 137.9 137.9
Total amount of CO>
captured by the plant 125.54 125.56 125.56
(kg/s)
COz capture efficiency (%) 91.05 91.05 91.05
Purity of captured CO> (%) 83.76 97.20 97.20
Specific CO2 emission
(ka/MWh) 85.11 78.57 87.09

4.4.1 Exergy analysis of major units

The exergy analysis was performed to investigate the efficiency losses due to
thermodynamic irreversiblities in the major units of the HCFPP2 configuration. The analysis not
only identifies the location of efficiency losses but also helps to determine the maximum scope of
improvement possible in the system. The exergetic efficiency, exergy destruction and
improvement potential of different units in HCFPP2 configuration are presented in Fig. 4.17 and
Fig. 4.18. The results show that the most energy intensive operational units of the configuration
were DCalLU, SPGU and H2 Production Unit (HPU) having an exergy destruction of 76.24%,
9.42% and 7.84%. In DCalLU, the combustor accounts an exergy destruction of 54.43% and
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calcium looping system holds an exergy destruction of 21.8%. On the other hand, the exergy

efficiency of the same units was found to be 63.57%, 93.56% and 73.49% respectively.

This reveals that while the SPGU and HPU were converting the input thermal energy into
useful work more effectively than DCaLU. A major reason for this exergy destruction is because
of the irreversiblities of the chemical reactions that occur in the combustor and the reactors of
calcium looping unit (Wang et al., 2013; Som et al., 2008). Thus, the highest percentage of
improvement potential of 81.92% as shown in Fig. 4.18B was found to be in the DCaLU only. It
was observed from Fig. 4.17 and Fig. 4.18A that the SPGU has the highest exergetic efficiency of
93.56% and an exergy destruction of 9.42% only. This reveals that the SPGU is converting a
considerable amount of its input thermal energy into useful work. The results also indicate that the
air preheater (HE3), CU and H> Compression Unit (HCU) although holds quite lower exergetic
efficiency of 42.43%, 51.33% and 50.74% as compared to other units, a scope of minimum
exergetic improvement potential of 5.33%, 3.64% and 1.16% was observed.
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Fig. 4.17 Exergy efficiency of main units in HCFPP2
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Fig. 4.18 (A) — Distribution of exergy destruction, (B) — Improvement potential in HCFPP2
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4.4.2 Cost and exergoeconomic analysis

Having exhibited the energy, exergy and environmental competitiveness of the HCFPP1
and HCFPP2, it is essential to benchmark their cost performance indicators as well. The calculated
cost indicators for both the configurations are presented in Table 4.15. The comparative assessment
of HCFPP1 and HCFPP2 reveals that the TCR of HCFPP2 was 1074.28 M€ as compared to the
TCR of HCFPPI i.e., 1170.61 M€. The higher capital requirement of the HCFPP1 was because of
the ASS unit that accounts for around 18% of the TCR. It has been observed from the literature
that the LCOE of ammonia and amine based CO> capture system when integrated with coal power
plant were around 95 €/ MWh and 105 €/MWh respectively (Versteeg and Rubin., 2011;
Mantripragada and Rubina., 2014). In this aspect, the LCOE of HCFPP1 and HCFPP2 were found
to be 69.40 €/MWh and 58.51 €/MWh only. The estimated cost of H> from the plant was
determined on the basis of LPCH. The results revealed that the LPCH of HCFPP2 was 2.11 €/kg
only as compared to HCFPP1 having a LPCH of 2.34 €/kg. The overall results obtained from the
analysis reveals that the HCFPP2 is economically superior to HCFPPL1.

The exergoeconomic factor evaluated for all the units in HCFPP2 was shown in Fig. 4.19.
The results indicate that the HCU with the lowest exergoeconomic factor of 10.91% holds the
higher potential of cost savings by reducing the cost of exergy destruction rate. Similar
performance was observed for the cooling water system and BOP. The HPU holds an
exergoeconomic factor of 51.91% and shows that cost of exergy destruction and capital investment
rate also almost in balance with each other. The high exergoeconomic factor of 93.16%, 92.53%
and 67.90% in the corresponding steam turbine, generator and auxiliaries, calcium looping plant
and high and low pressure steam exchangers reveals that although the exergy destruction in these

units is high, the cost of operation and maintenance is even higher.

Table 4.15 Cost performance indicators of HCFPP1 and HCFPP2

Parameters HCFPPI HCFPP2
TCR (M€) 1170.61 1074.28
LCOE (€/MWh) 69.40 58.51
LPCH (€/kg) 2.34 2.11
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Fig. 4.19 Exergoeconomic factor of different units in HCFPP2

4.5 Performance assessment of natural gas fired combined cycle power plant integrated
with calcium looping and DME production units (DNGFCPP1 and DNGFCPP2)

The performance of the proposed DNGFCPP1 and DNGFCPP2 configurations were
evaluated by using the energy and environmental parameters such as total energy input, gross
electrical power output, net electrical output, DME efficiency, net electrical efficiency, net energy
efficiency, etc. The computational results of both the configurations are shown in Table 4.16 and
Table 4.17. The computational results reveal that the total energy input to the system increases as
the energy generation scheme was integrated with CO> utilization. The overall energy input for
DNGFCPP2 and DNGFCPP1 were 3346.17 MW and 1306.73 MW, respectively. It indicates that
the DNGFCPP2 configuration is highly energy intensive as compared to DNGFCPP1
configuration. The total electrical power consumption in DNGFCPP2 was 404.84 MW, which was
significantly higher when compared against DNGFCPP1’s energy requirement of 236.17 MW.
The higher electrical energy consumption in DNGFCPP2 is mainly due to complete utilization of
COg that was captured using DCalL.U. This complete utilization of CO2 in DPU was achieved by
recycling the unreacted gases (CO2, CH4, H2) and by-products (CO, CH3OH, H20) from the DSU.
In the DPU, these recycled gases were mixed with feed natural gas and CO> from DCalLU. This

increases the processing load in DPU. In particular, the exit stream from the DRR at atmospheric
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pressure increases the load on the compression train. This in turns reduces the overall net electrical
power generated by the DNGFCPP2 to 59.12 MW as compared to the DNGFCPP1 configuration
having a net electrical power output of 69.7 MW, respectively. The above presented data and
discussion elaborate the reasons for electrical energy penalty associated with DNGFCPP2 and
DNGFCPP1 configurations.

The electrical efficiencies of DNGFCPP1 and DNGFCPP2 were observed to be 5.34% and
1.77%. However, the performance of the DNGFCPP1 and DNGFCPP2 cannot be determined
solely on the basis of electrical energy efficiency as most of the input energy was used for DME
production and not for electrical power generation. The DME can be used as an alternative fuel
such as diesel. Hence, the thermal energy of DME was also considered as another end output in
this work. Therefore, the energy of DME along with the net electrical power output was considered
to assess the overall performance of the proposed configurations. Subsequently, the net electrical
efficiency and DME efficiency were included while calculating the overall energy efficiency.
Thus, the DNGFCPP1 and DNGFCPP2 have overall energy efficiencies of 45.31% and 52.83%,

respectively.

Table 4.16 Plant performance of DNGFCPP1 and DNGFCPP2 on energy basis

Parameter DNGFCPP1 DNGFCPP2
Total energy input to the plant (MW) 1306.73 3346.17
Gross electrical power output from the overall
plant (MW) 305.89 463.96
Overall electrical power requirement of the 236.17 404.84
compressors, pumps and auxiliaries (MW)
Energy obtained from total produced DME
(MW) 522.30 1708.68
Net electrical power output from the overall
plant (MW) 69.72 59.12
Electrical efficiency of the plant (%) 5.34 1.77
Overall energy efficiency of the plant (%) 45.31 52.83
Net energy efficiency penalty(+)/gai