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SUSTAINABILITY ASSESSMENT OF POWER PRODUCTION BY CHEMICAL LOOPING COMBUSTI
ON. Advisor: Prof. PORNPOTE PIUMSOMBOON, Ph.D. Co-advisor: Assoc. Prof. BENJAPON
CHALERMSINSUWAN, Ph.D.

This study investigated the chemical looping combustion (CLC) process improvement for
power production from energy management, system hydrodynamics, and sustainability perspectives.
In the first part, the 3" factorial design was used for systematically investigating the operating variables
that affect the thermal efficiency of the CLC combined with the humid air gas turbine (HAT) cycle. A
set of operating variables, A) pressure of the air reactor, B) air compressor stages number, C) air
compression methods, and D) air flow rate, were explored. The result showed that the highest
thermal efficiency was at 55.87 % when operated at (A) 15 atm, (B) 7 stages, (C) method 3, and (D)
61,000 kmol/hr. Moreover, the efficiency could be improved further to 57.67% by increasing the Ni
loading to 28% (by weight). The second part, the dual circulating fluidized bed reactor (DCFBR), was
selected for the CLC system and investigated its operation by 2-D computational fluid dynamics (CFD)
simulation. For the solid fuel, the result showed that the low value of temperature and ratio of coal
velocity to the weight of an oxygen carrier provided the best performance. For the gaseous fuel, the
high pre-exponential factor, the low initial solid volume fraction, velocity, and CH, mass fraction in
feed increased temperature and conversion. The result also indicated that the operating conditions
are crucial for suitable hydrodynamics achievement and the CO, capture efficiency. In the last part,
three analyses, which were energy performance, economics, and sustainability, were evaluated to
identify the best case by enhancing the process sustainability. Six case studies have been investigated
the effects of the combustion types (conventional combustion (CC) and CLC) and system
configuration (CO, capture stages and operating conditions). According to emergy analysis, which is the
tool that gives a more holistic view of the solution than the others, Case 4 was the best case due to
its emergy sustainability index (ESI), when local content was taken into consideration. However, Case 5

would be the best case from a global perspective.
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Chapter 1
Sustainability assessment of power Production by chemical looping combustion

1.1.Background

A greenhouse gas, mostly CO», has been the most released gas from power
production processes. Although the reduction of energy consumption is the true
solution of this crisis, it is complicated to carry out because of the economic growth
and population increase. Thus, one is searching for a technology that could provide
power and heat with minimal impact to the environment. Chemical looping
combustion ( CLC) is a novel technology that could help the issue of CO:
management. With this technology, the power generation will be more efficient and
environmentally friendly. The CLC has two reacting units connecting each other, air
and fuel reactors. In the air reactor, metal is oxidized by the air to produce metal oxide
as an oxygen carrier. The oxygen carrier is transported from the air reactor to the fuel
reactor and combusts directly with fuel. The products of the combustion are heat,
steam, and carbon dioxide which is easily to separate. Carbon dioxide is separated
from steam by condensation. Finally, the spent oxygen carrier is returned to
regenerate in the air reactor. The carbon dioxide, which is high purity, will be sent to
the storage. The power production system that is sustainable will not only supply to
meet the demand, but also create positive impact to environment.

This study investigates operating conditions that will provide the highest
efficiency of power production. The optimal operation condition of the CLC will
increase the power production and worthiness of fuel usage. After obtaining the
operating condition for the maximum power production, the hydrodynamics of CLC
reactor was investigated further. The hydrodynamics data of the reactors were used to
estimate the geometry of the reactors. However, the maximum thermal efficiency is
not sufficient conclusion for sustainable investment. Eventually, the decision for
construction and operation of a plant will have to consider both profit and
environmental impact. The economic and sustainable analyses will be evaluated for
the best decision. There are various methods for sustainability assessment. The
emergy analysis is a novel method for sustainability assessment. The method
considers the impacts of materials, energy, money, and manpower on producing a

product or services.



1.2.0Dbjectives
1.2.1. Study effect of operating conditions on power production with CLC
process
1.2.2. Develop dual circulating fluidized bed reactor for CLC
1.2.3. Study economic feasibility and emergy analysis

1.3. Scope of the investigation

Part |

e The power production by chemical looping combustion with humid air gas
turbine (HAT) cycle without CO; utilization

Part 11

e The 2-dimensional model of the dual circulating fluidized bed reactor
(DCFBR) with full loop simulation for chemical looping combustion

Part 111

e The economic and sustainability analyses of a power plant at

50 MW (electrical) when it was located on Thailand

1.4. Benefit
Part |

e The guideline for operating significant parameters to obtain the highest
thermal efficiency.
e The investigation of the multi-stage compressor operation on the thermal

efficiency of the system.

e The investigation of the work and heat integration of the CLC process for
power production.

Part 11

e The complete-loop of DCFBR model for chemical looping combustion.

e The proper operating condition to obtain the suitable hydrodynamics
behavior in DCFBR.

Part 111

e The comparison of 3 analyses; thermal efficiency, economic analysis and

sustainability analysis.



e The sustainability comparison between the conventional combustion and
chemical looping combustion.

e The guideline of the operation condition to achieve high sustainability.

1.5. Methodology

The sustainability evaluation of chemical loping combustion for power
production was divided into 3 parts.

Part I: The operation conditions for obtaining the optimal thermal efficiency
of the system.

The 3 factorial design was used to systematically conduct the experiment. All
case studies were simulated by Aspen plus program version 8.8 at steady state
condition. The four independent parameters were investigated including of pressure of
air reactor, number stages of air compressors, methods of air compression and air
flow rate. Four responses to be observed were thermal efficiency, power production
from air reactor, work of air compressors and air compressor discharge temperature.
The result in this part will be used as preliminary data for obtaining the optimum
thermal efficiency in power production. After that, the optimum conditions were used
to in next part.

Part I1: The hydrodynamics of dual fluidized bed reactor for chemical
looping combustion reactor

The result from part | was the optimum operating condition of the investigated
process. For this part, the hydrodynamics inside the CLC reactor were investigated.
The DCFBR model was developed by using the Ansys Fluent version 19.2. The
model was used to gain the understanding of hydrodynamics and to estimate the size
of chemical looping combustion reactor.

Part I11: The economic analysis and sustainability evaluation of chemical
looping combustion

The suitable case studies were selected from part 1. The material and energy
data from part | were used to conduct in economic and sustainability analyses. The
capital and operating costs in economic analysis were calculated by using the process
information obtained from part I. The emergy flow in sustainability analysis was also

calculated by using the process information from part 1. The size of reactor from part



Il will affect to the purchased cost in this part. Furthermore, the sustainability
evaluation of the CLC and conventional combustion were compared. The result from

this part was the way to improve the chemical looping combustion process for power

production.



Chapter 2
Literature reviews

Electricity is one of the public utilities. It is a form of energy that is convenient
to utilize. As a result of the population increase and economic growth, the trend of
electricity demand is continuously increased. [1] The United States Environmental
Protection Agency (EPA) reported that CO, was the highest species of greenhouse
gas of U.S. [2] In addition, the international energy agency (IEA) reported that the
power production was the potent source of greenhouse gas emissions of Thailand and
World as shown in Fig. 2.1. [3]
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Fig. 2.1 Emission of greenhouse gas. [2, 3]

Accordingly, the power production for supporting the society demand is the
reason of the global warming crisis. CO: is the highest fraction of the greenhouse gas.
Electricity is directly produced by combusting a fuel (natural gas, coal, or fuel oil)
with air in a combustion chamber to produce hot gas that is used to drive a gas turbine

or to produce steam and use produced steam to drive turbine and a generator.



Therefore, the fuel combustion is typically the main source that releases large amount
of CO> to the atmosphere and accelerates global warming effect. The quantity of the
CO: in the flue gas that is released to the environment depends on the efficiency of a
CO- capture process.

The environmental crisis and the natural resource depletion are key factors
that stimulate the development of combustion technology and CO> mitigation
technology. In the conventional combustion, fuel and air reacts with each other
directly. For a power generation, its system efficiency without carbon capture and
storage system (CCS) is only 25%.[4] Therefore, the thermal process to produce
electricity should be improved to be more efficient and the process should also
become a greener electricity production. There are several power production systems
that have high energy conversion efficiency. The efficiency of the gas turbine
combined cycle (GTCC) is 60%. After the post-combustion process, the efficiency is
reduced by 8-10% due to energy penalty in CO. capture operation. [5]. The combined
cycle of natural gas without the carbon capture and storage (CCS) has the efficiency
of 58% , but the CCS process will reduce its efficiency by 10% [6] [7]. The
technology for CCS is developed to reduce the CO- release to the environment. There
are several CO- sequestrations available, such as pre-combustion, post-combustion

and oxy-combustion technologies as shown in Fig. 2.2.
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Fig. 2.2 The configuration of post-combustion, pre-combustion and oxy-combustion

processes. [8]

2.1. The types of CO2 sequestrations
2.1.1. Post-combustion processes

It is used to capture CO: in flue gas after combustion by sorbents such as
K2COs and MEA. This process has high efficiency in capturing CO2 (more than 90%)
depending on conditions or operations and reactors. The advantages of this method
are high efficiency in capturing CO., low cost investment, and no change of the
original plant. [9] K2COs is a promising solid sorbent for CO, capture process from
flue gas because of high economic performance and stable capture performance. In
addition, K>COs requires low energy for regeneration. [10] The CO; is captured by
K>COs at 60-80°C and the sorbent can be regenerated at 120-200°C. [11] When
comparing monoethanolamine (MEA) and K>COs processes, it was found that the
K2COs process was lower heat of absorption and lower cost of investment. [12] Even
though, amine absorption process is the mature of CO, capture process, [13] its main
disadvantages are high energy consumption and material corrosion. [13] On the

contrary, K-COs was the good candidate of CO> capture process because of high CO-



capture efficiency, high cyclic usage, and low energy requirement for the adsorption.
[14, 15] In this study, solid sorbent CO2 capture process was selected for the power
production case studies. because it was the best process in term of sustainability
aspect for CO> capture process. [16]

The implement of a post-combustion CO, capture process with solid sorbents
reduces the overall efficiency of power plants by 8.2-14.0%, mainly due to the solid
sorbent regeneration section. [17] The type of post-combustion sequestration that
provides the highest CO» capture efficiency is physical adsorption, because it is a
reversible process. [16, 18, 19] The challenge of the post-combustion process is the
operating condition at ambient pressure which is lower than the requirement of CO-
compression. [8]

2.1.2. Pre-combustion processes

It is used to capture CO- of fuel gas before combustion. This method widely
uses in integrated gasification combined cycle (IGCC) and hydrogen (H2) production.
There are two main unit operations: air separation unit (ASU) and gasification unit.
ASU produces high purity of oxygen (O2) and sends to a gasifier. Syngas is produced
by the gasifier at high temperature and high pressure. H>O is fed into a reactor for
reacting with CO to produce H. and CO». After that CO: is separated from H> by acid
gas removal system. H> is used as fuel for power generation or other processes. This
method produces high purity of H, CO> and heat. The advantages of pre-combustion
process are the high concentrated of CO. in syngas, operation condition at high
pressure and lower energy consumption for CO2 compression. [8] Moreover, the
problem and challenge of pre-combustion process was to separate the undesired gases
from syngas, especially CO». [20] In addition, this technology was suitable for a new
plant more than apply to the existing plant. However, ASU and gasifier require high
energy and high-cost investment. Accordingly, this technology was mostly

investigated in a small-scale plant. [21]

2.1.3. Oxy-fuel combustion processes
It is used to capture pure CO: in flue gas by using pure O2 to combust with a
fuel instead of air. This method widely uses in a combustion process. The oxy fuel

combustion has 3 main units of energy penalty installed : an air separation unit



(ASU), a compression unit and a purification unit (CPU). [22] ASU produces high
purity of O2 and sends to combustion chamber. The flue gas composes with CO. and
H20. The 2/3 of total flue gas was recycle into combustion reactor for temperature
maintaining because the material cannot be tolerated with high temperature from the
combustion with pure O. [23] H.O is separated from flue gas by condensation.
Accordingly, it can separate very high CO. concentration from flue gas. [8] The
efficiency of this system is reduced due to the energy consumed in these units by
10-12% . The challenge of oxy-fuel combustion process is high energy consumption
and high cost investment in the ASU requirement. [8] Each type of the CO> capture
process has different advantages and disadvantages.

The achievement of a CCS depends on the competence of the safety at the
storage that it is not hazardous to the ecosystem. [23] The efficiency of a natural gas
combined cycle before the CO, capture process was reported to be 60%, whereas the
efficiency of the process with a post-combustion, pre-combustion and
oxy-combustion processes are 50%, 46% and 48%, respectively, with 85-90% CO-
removal. [7] In three technologies, it consumed additional energy which led to the

reduction of the process efficiency.

2.2. Chemical looping combustion

Chemical looping combustion (CLC) is a novel technology that could help the
issue of CO. management. With this technology, the power generation will be
environmentally friendly and be more efficient due to less energy penalty for the
CCS. The CLC was the oxy-fuel combustion process that was developed for
commercialization. [8] The resemblance between CLC and oxy-fuel is the reaction
between only O, and fuel. Oxygen carrier is the media that only carries the O, from
the air to oxidize with the fuel.

Mostly, the CLC has two reactors connecting to each other, air and fuel
reactors. The principal of the CLC was showed in Fig. 2.3. In the air reactor, a metal
is oxidized by the air to produce metal oxide as an oxygen carrier. The oxygen carrier
is transported from the air reactor to the fuel reactor and combusted directly with the
fuel. The products of the combustion are heat, steam, carbon dioxide which is easily

to separate from the combustion gas, as shown in Eq. 2.1 and Eq. 2.2. There are 2
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main components in flue gas which are CO2 and H.O. The water is separated from the
flue gas by condensation and the remainder is high purity of CO>. Finally, the spent
oxygen carrier is returned to regenerate in the air reactor and the process is continued
as a cycle. The CLC process is a high thermal efficiency for the power production, not
because pure O is needed. It was because of the easiness of the CO. separation in the
flue gas. [24] The CLC process that use H> as a fuel obtained very high thermal
efficiency: 63.5%. [25] The efficiency of the CLC with combined cycle is 51% and
increase to 53% when increased the temperature from 1,000 °C to1,200 °C. [26] When
increased the gas pressure by using multiple pressure levels of the turbines, one could
utilize the heat in the exhausted gas from the turbines, reduce the loss of energy and
increase the process efficiency. The maximum efficiency of lbrahim’ s study was
55.2% [27] and Brandvoll’s study was 55.9 [28]

co,

Air reactor l Fuel reactor

M
m N, FUEL

Fig. 2.3 Principle of Chemical looping combustion (CLC). [29]
Reaction in air reactor: Ni+ 0.50, = NiO (2.1)

Reaction in fuel reactor: CH, + 4NiO - CO, + 2H,0 + 4Ni (2.2)
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2.2.1. The classified CLC by number of main reactors.
When classified the CLC types by the number of the main reactors, there
were 3 types; two, three and multi-reactors.

2.2.1.1. The two reactors system
The process consisted of air reactor and fuel reactor as mentioned above. The
oxidation reaction occurred in the air reactor. The reduction reaction occurred in the

fuel reactor, as shown in Fig. 2.4.

CO, +H,O - Oxygen depleted air

Fig. 2.4 The two reactors of the CLC system. [30]

2.2.1.2. The three reactors system

This system is consisted of air reactor, fuel reactor and steam reactor, as
shown in Fig.2.5. The steam reactor was used to produce H.. [31] Firstly, fuel was
reacted with oxygen carrier (MyOx) in the fuel reactor. The products of the first step
were COz, H>O and spent oxygen carrier (MyOx-2). Next, steam was reacted with the
spent oxygen carrier (MyOx-2) in the steam reactor. The products of this step were Ho,
excess H20 and partially oxidized oxygen carrier (MyOx-1). The last step, the partially
oxidized oxygen carrier (MyOx.1) was reacted with compressed air in the air reactor.
The products of this step were oxygen carrier (MyOx) and the excess air. After that the
partially oxidized oxygen carrier (MyOx-1) was regenerated and was used in a cyclic
system again. The H>O from the fuel reactor and the steam reactor were separated by
the condensation process. The high purity of CO2 and H> were obtained. The iron was

also used as an oxygen carrier that might be suitable for this process. [31]
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CO, + H,O R [, Ox. Oxygen depleted ar

- -
T Air/Pure oxygen

Fig. 2.5 The three reactors of a CLC system. [30]

2.2.1.3. The multi-reactors system
The configuration of this system was the repeat of two reactors system. For
instance, there were 2 fuel reactors and 2 air reactors for combustion section. The
configuration of reactors were parallel or series which it depended on the types of
reactor. [30]
When classified the CLC types by the system of power production, there were

2 types; electro-chemical and thermo-mechanical.

2.2.2. The CLC using with a fuel cell
2.2.2.1. Solid oxide fuel cell (SOFC)/chemical looping-based system

Firstly, coal was gasified by gasification media; CO2 and O; at gasifier reactor,
when coal was used as the fuel of the system. The product of this process was syngas.
After that, the syngas was introduced into the anode side of a SOFC. On the other
hand, if the process was introduced by gaseous fuel; syngas or natural gas, the
gaseous fuel would be introduced into the anode side of the SOFC without
gasification step. The example of reactions at the anode were shown in Egs. 2.3, 2.4
and 2.5, when the inlet gas including of CH4, CO and Hz. [32, 33] The main reaction
at the anode was the oxidation reaction of H. where H> lost its electrons and it became
H20. H,O was used as a reactant and reacted with CH4 and CO. The products,
consisting of H,O, CO and CO, and were sent to the fuel reactor. Next, the

compressed air was introduced into the cathode side of the SOFC. There was
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oxidation reaction of O, as shown in Eq. 2.6. After that the compressed air and the
depleted air were introduced into air reactor [32, 33]
The products of this step were mixed with the air that was sent to the

air reactor.
Reactions in anode: H, + 0%~ - H,0 + 2e~ (2.3)
CH, + H,0 & CO + 3H, (2.4)
CO + H,0 & CO, + H, (2.5)
Reaction in cathode: 0, + 2e?~ - 20?% (2.6)

The discharge from the fuel and air reactors were sent to turbines for power
production. The outlet streams from the turbines were used for heat recovery. The
power was generated in 2 processes 1) SOFC and 2) turbines. The advantage of this
process was the high thermal efficiency achievement, 72%. [34] The reason of high
efficiency is that chemical energy was directly converted to electrical energy by the
SOFC. In addition, the outlets of fuel and air reactors were used to produced power,
as well. [35] The challenge of this process was the increased capacity for the power
production. There was a pilot scale plant of a SOFC for H, and power production at
500 kWe. [35] The configuration of the SOFC with CLC was shown in Fig. 2.6.
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Fig. 2.6 The SOFC with CLC process. [30]

2.2.2.2. Proton-exchange membrane fuel cells (PEMFC)/chemical
looping-based system
The PEMFC was operated with the three reactors of a CLC system. [36]
Syngas was treated the acid gas, sulfur compound and particulate matter. Firstly, fuel
was reacted with oxygen carrier (MyOx) in a fuel reactor. The products of the first step
were COz, H>O and spent oxygen carrier (MyOx-2). Next, steam was reacted with the
spent oxygen carrier (MyOx-2) in a steam reactor. The main product of this step was H»
and others were the excess H>O and partially oxidized oxygen carrier (MyOx.1). H2
from the steam reactor was purified. The CO might be found in low concentration (in
PPM level). CO was eliminated by the oxidation process. CO2 was eliminated by
pressure swing adsorption process (PSA). Next, the partially oxidized oxygen carrier

(MyOx-1) was reacted with the compressed air in air reactor. The products of this step
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were oxygen carrier (MyOyx) and the excess air. The gaseous outlet of the air reactor
was used for power production. The purified H> from the steam reactor was
introduced to the anode side of a PEMFC. The reaction at the anode was shown in Eq.
2.7. [37] Air was separated by an air separation unit. High purity of O» was obtained
and it was introduced into the cathode side of the PEMFC. The product of the cathode
side was hot water. The reaction at the cathode was shown in Eq. 2.8. [37]

Reactions in anode: 2H, » 4H* + 4e~ (2.7)
Reaction in cathode: 0,+ 4H" + 4e~ - 2H,0 (2.8)

The net efficiency of a PEMFC was 43.6%. [36] The net efficiency of the
PEMFC system was lower because the energy was highly consumed by ASU section.
The economic analysis of Napoli et al. indicated that the net present value of the
SOFC was higher than the PEMFC. [38] Even though, the investment cost of the
SOFC was higher, the SOFC was preferable when it was operated for a long time

(more than 6 years). [38]

2.2.3. The CLC for the utilization

Chemical looping processes were developed for other utilization such as
chemical looping reforming (CLR), chemical looping hydrogen regeneration (CLHG),
chemical looping air separation (CLAS) and chemical looping with oxygen
uncoupling (CLOU).

2.2.3.1. Chemical looping reforming, CLR

The main product of a CLR is syngas. The essential property of an oxygen
carrier in the CLR is the partially oxidation ability to obtain syngas. The product of
fully oxidation is flue gas; CO. and H20. The NiO is an oxygen carrier that is suitable
for the CLR because of the strong catalytic properties. [39] In addition, the other
oxygen carrier that is suitable for this process is CeO2 because it has high selectivity
to produce syngas. [40] On the other hand, Fe-based, Mn-based and Cu-based oxygen
carriers are the carriers that have low selectivity for syngas production. [41] The CLR
principle is similar to the CLC principle. There are 2 main reactors; fuel reactor and
air reactor, as shown in Fig. 2.7. Fuel is introduced into the fuel reactor and reacts

with the oxygen carrier. The product of the fuel reactor was syngas; CO, H.. By some
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operation conditions, the H.O and CO; are introduced into the fuel reactor for steam
reforming and CO: reforming reaction. However, the steam reforming and CO:
reforming reactions are strong endothermic reactor. [42] The ratio of H.O and CO; is
limited, otherwise the external energy is required which it is the reason of low net
efficiency of the system. The spent oxygen carrier is regenerated in the air reactor.
The fuel is introduced into the system more than the air stream for fully oxidation

prevention.

Reformer Gas

Nitrogen HZ, co
N2 (Hz0, CO2)
MeO
Air Fuel
Reactor Reactor
IE Me
Air Fuel
Oz, N2 CoHm (H20, CO2)

Fig. 2.7 The Flow diagram of CLR. [42]

2.2.3.2. Chemical looping hydrogen regeneration, CLHG
The CLHG is the three-reactor system. Accordingly, the principle of
the CLHG and the three reactors of the chemical looping system are similar.
2.2.3.3. Chemical looping air separation, CLAS
The main product of a CLAS system is high purity O». [43] The CLAS process
is usually applied with an oxy-fuel process and an integrated gasification combined
cycle (IGCC). The CLAS process is included of 2 main reactors; an oxidation reactor
and a reduction reactor, as shown in Fig. 2.8. The oxidation reaction occurs in an
oxidation reactor as shown in Eq. 2.9. The spent oxygen carrier (MexOy.2) is oxidized
by Oz in air to MexOy which it is at the higher oxidation state. The reduction reaction
takes place in a reduction reactor. The oxygen carrier (MexOy) releases O2 as shown

in Eq. 2.10. It is at the lower oxidation state, MexOy.>. The investigation of Shah
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reported that Mn2O3/Mnz0s, CuO/Cu20, and Co0304/CoO were good candidates as
oxygen carrier type for the CLAS process. [44]

Me,0,_, + 0, > Me,0,, (2.9)
Me, 0, - Me,0,,_, + 0, (2.10)
Al Reduced Air
| A ﬁ N,+0,
Oxidation

Met C):\l 205 + Oj:l(g} 9 Mex O}' (k1] (1)

Reduction
Me, O, 5, P Me, O, 5, + 0,y (2)

O, + Steam Steam ﬁ Energy
or CO, Or CO,

Fig. 2.8 The flow diagram of CLAS and ICLAS. [44]

2.2.3.4. Integrated chemical looping air separation, ICLAS

When a reduction medium is introduced into a reduction reactor of a CLAS
system, the CLAS system becomes an integrated chemical looping air separation
(ICLAS). When steam is used as the reduction medium, steam is the inert in the
reduction reactor because it does not react with other species. [44] Even though, the
inert does not directly affect the equilibrium reaction, the inert introduced into the
reduction reactor increases the total pressure of the system. Then, the partial pressure
of Oz in the reduction reactor decreases. Accordingly, the equilibrium is pushed into
forward direction. The products of reduction reaction are Oz and H2O. The Oz was
purified by the condensation process. The ICLAS is applied to oxy-fuel combustion,
as shown in Fig. 2.9. When the pure O> from the reduction reactor is introduced into
the combustion reactor, the temperature of the reactor is very high. Therefore, CO2 or
recycled flue gas will be introduced into the combustion reaction for controlling
combustion temperature. [43] The cost for Oz production by the CLAS process is

lower than the cryogenic air separation unit (CASU).
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Fig. 2.9 The oxy-combustion process for power production (Left), the oxy-

combustion with ICLAS process for power production. [45]

2.2.3.5. Chemical looping with oxygen uncoupling, CLOU

The main reactors of a CLOU are air reactor and fuel reactor, as shown in Fig.
2.10. The oxygen carrier (MexOy-2) with low oxidation state reacts with O in the air,
as shown in Eq. 2.11. The product from the air reactor is the oxygen carrier (MexOy)
with higher oxidation state. MexOy is transferred into the fuel reactor. O is released
from MexOy as shown in Eq. 2.12 and reacts with fuel in the fuel reactor, as shown in
Eq. 2.13. [46] The CLOU concept enhanced the overall rate of the reaction, especially
solid fuel. For solid fuel as coal, the rate determining step is the coal gasification.
Nonetheless, when the coal is the fuel for CLOU process, the O2 releasing step is
faster than the gasification. [47] Accordingly, the released O, will react with the coal

without the gasification step in system.
The reaction in the air reactor 2Me,0,_, + 0, — 2Me, 0, (2.11)
The reactions in the fuel reactor 2Me, 0, - 2Me,0,_; + 0, (2.12)

Fuel+ 0, - CO, + H,0 (2.13)
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Fig. 2.10 The flow diagram of CLOU process. [46]

2.3. The oxygen carrier

Nickel-based oxygen carrier is also a good candidate for the oxygen carrier
(OC) because of the high reactivity and high thermal stability. Therefore, the fuel
conversion is completely combusted when methane is used as a fuel. [48] The
reactivity of NiO is higher than CuO, Mn;03, and FezO3. Iron-based OC is the most
favorable OC because of its low cost and environment friendliness Besides, iron-
based OC was investigated as the oxygen carrier in many pilot scales. However, the
power plant using iron-based OC had higher cost than those using nickel-based OC,
due to its lower reactivity. The comparison of NiO and CuO expressed that the
operation condition of NiO-based OC was higher than CuO-based OC. There was not
sintering in the NiO process. The comparison of Ni-based OC and Mn-based OC
expressed that Mn-based OC exhibited lower conversion when it reacted with
methane. Accordingly, the nickel-base OC was still a good candidate for an oxygen
carrier. Therefore, it was selected as an OC in this study because of its high reactivity

and high thermal stability.

2.4. The section for power production
In previous content, the combustion section was mentioned. In this section, the

unit for power production would be reviewed. There are 4 significant processes for
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power production, including conventional steam cycle (SC), combined cycle (CC),
steam injected gas turbine cycle (STIG) and humid turbine cycle (HAT).

2.4.1. Conventional steam cycles, SC
The principle of this cycle is to extract energy from pressurized fluid and
convert to power by a turbine. The process of steam cycle is shown in Fig. 2.11. The
water was pumped to increase its pressure before feeding into a boiler. Water was
boiled to steam in the boiler. The outlet steam from the boiler was high pressure and
temperature. Then, the steam was used for power production by expanding in the

turbine.

‘ 7
Boiler Turbine D
Q from

fuel §

K Pump

Condenser

Fig. 2.11 Steam cycle [49]

2.4.2. Combined cycle, CC

The process of combined cycle is shown in Fig. 2.12. The steam is generated
in a heat recovery steam generator (HRSG). Steam at high pressure and temperature is
used to produce the power by a steam turbine which is similar to stem cycle.
Nonetheless, the combined cycle has the supplementary section from steam cycle.
The combined cycle also includes the combustion section. In the combustion section,
air is compressed to obtain high pressure by a compressor. The fuel is combusted with
the compressed air in combustion section. The flue gas from combustion section has
high pressure and temperature. The flue gas is introduced into a gas turbine for power
production. The remaining heat of flue gas after power production is used to preheat
water at HRSG.
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Fig. 2.12 Combined cycle [49]

2.4.3. Steam injected gas turbine cycle, STIG cycle

The STIG is similar to a combined cycle that the combustion section is
included. The flow diagram of a STIG is shown in Fig. 2.13. Air is compressed by a
compressor to increase its pressure. Water is pumped into a HRSG unit to produce
superheated steam and introduce into a combustion reactor to combust with the
compressed air and fuel. The product from the combustion reactor is flue gas which is
sent to a turbine for power production. The superheated steam generation step
includes 3 main processes; economizer, evaporator and superheater. [47] Water is
pumped into an economizer for preheating. Then, it is evaporated to eliminate the
condensed liquid water. The saturated steam is introduced into a superheater to
increase the energy of the steam and obtain superheated steam. However, the amount
of steam was limited by the heat at the HRSG unit.[50] The benefit of the superheated
steam is 1) the NOx reduction in the combustion section by decreasing the
temperature in the reactor and 2) the increase of power production by increasing mass
flowrate inlet to the turbine. In addition, the enthalpy of superheated steam is higher
than that of air at the same temperature. Accordingly, the power production of this
process was increased by superheated steam injection through the combustion section,

leading to the increase of total efficiency of the power production process, as well.
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Fig. 2.13 STIG cycle [47]

2.4.4. Humid air turbine cycle, HAT cycle

The humid air turbine (HAT) cycle is the power production section that aims
to offer higher thermal efficiency with a low-investment cost [51]. The flow diagram
of a HAT cycle is shown in Fig. 2.14. This cycle is similar to the STIG that uses
superheated steam in the combustion section. Nonetheless, the HAT cycle has the
supplementary section from the STIG cycle. The HAT cycle includes the air
compression section which it is divided to multi-stage compressor for reducing
compression work. The 2 main processes of the HAT cycle are the multi-stage
compressor and the humidifier. The multi-stage compressor has the inter-cooler or
heat exchanger installed between each stage of the compressor.

Air is compressed in the first stage of the compressor. The compressed air has
higher pressure and temperature. Then the compressed air is cooled by the intercooler
and fed to next compressor. Due to lower temperature of the compressed air, the work
required by the air compressor becomes less. The heat from the compressor was
transferred to the cooling water at the inter-cooler. Air was alternately compressed
and reduced heat, until the last stage of compressor. Then, the compressed air and the
hot water were introduced to a humidifier. The hot water is evaporated into the air
until it reaches the saturated condition. [52] Therefore, the humidifier was the unit
that eliminated the condensed liquid water and produced the humid air. Then, the

humid air is preheated by the recuperation reactor. The humid air is fed into the
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combustion reactor. The flue gas is at high pressure and temperature and it is sent to a
turbine for power production.

The benefits of a HAT cycle include 1) the increase of power production by
increasing the mass of working fluid passed through a turbine and 2) the increase of
net power production by reducing the turbine work consumption. This cycle is the
best gas turbine cycle. [52] Moises et. al. reported the comparison of 3 types of power
production unit of a CLC process which was comprised of SC, STIG cycle and HAT
cycle. The study indicated that the net plant efficiency of CLC-SC, CLC-STIG and
CLC-HAT were 50.25%, 50.49% and 56.08%, respectively. Consequently, the HAT

cycle was the best power production cycle. [49]

Natural Gas
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Water ( )

Fig. 2.14 HAT cycle [49]

2.5. Aspen plus program

The advanced system for process engineering (ASPEN) program was the
powerful tool and extensive usability for the virtual chemical processes. This program
has arisen by the cooperation of Massachusetts Institute of Technology (MIT) and US
Department of Energy since 1981. The aspen plus program has been used to simulate
the whole process at steady state. [53] This software consists of the various

thermodynamic properties which is suitable for a specific process. The used
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components in the process are customized. Therefore, it could be used for various
reactants and products. The most advantage is process optimization with high
accuracy. The optimum operation condition of the process could provide high
material and energy utilization.

The guideline for simulation by aspen plus is as followed. Firstly, the problem
of a case study for simulation was determined. Then, the given conditions of the
simulation case such as components, compositions, and thermodynamic properties
were specified. After that, each unit operation was selected and connected with each
other to represent the simulated process. Eventually, the connected unit operations
were simulated until the result was validated or the simulation was completed, as

shown in Fig. 2.15.

\ Input significant conditions | Adjust the conditionsin the | Check the result ‘
operation unit
1. Add components 3. Select operation unit *?. Check the result 9. Use this process for next
2. Select method 4. Fill the required condition operation unit
(thermodynamic properties) 5. Fill the required stream
6. Run simulation case

T

8. Adjust conditions until the result was accurate

Fig. 2.15 The process to achieve the ASPEN plus simulation [54]

2.6. The computational fluid dynamic.

Computational fluid dynamics (CFD) is used to investigate the fluid flow
behavior by the numerical analysis. [55] CFD simulation is an efficient tool to explore
the detailed local data and multiscale flow structures in a fluidized bed reactor. [56]
CFD simulation is a suitably engineering tool that could build the understanding of
the complex behavior of gas-solid flow within the CLC reactor. [57] The gas-solid
flow model is divided into 2 methods;

2.6.1. Eulerian-Eulerian method

- Gas and solid phases (carrier phase) are determined as the continuous

phase.

- The advantage of this method is that it uses lower computational resource

because the effects of particle size distribution is neglected.
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2.6.2. Eulerian-Lagrangian method

- Gas phase is determined as the continuous phase. Solid phase is

determined as particle by particle.

- The advantage of this method is the detailed data of particle behavior.

The guideline for implementing CFD simulation is shown in Fig. 2.16. The
first step, the problem is identified. The second step, the geometry of equipment or
object that will be investigated to fluid behavior is created and set up the solver with
suitable conditions. The third step, the simulation case is calculated with numerical
method until it converges. The final step, the result is interpreted. When the result is
not reasonable, the model will be adjusted until it is validated with the experimental
data. Ansys fluent is the commercial simulation program that is the most powerful

tool, well-validated physical model and high accuracy result. [58]

9. Update model properties

3. Design geometry
7. Compute solution 8. Examine results

1. Define goals 4. Creale mesh
2. ldentify domain 5. Configure physics

6. Solver settings » »:

Fig. 2.16 The process to achieve the CFD simulation [58]

2.7. Economic analysis

The outcome of economic analysis indicated the investment cost, operation
cost and the project benefit. [59] It was also used for the best-case comparison in
decision making.

The step for economic analysis in this study was followed. [60, 61] Firstly, the
problem description of a case study for economic analysis was specified. Then,
equipment cost, fix capital cost (FCI), total capital cost (TCI), cost of manufacturing
without depreciation (COMqy) depreciation, sale price, total annual income and
expenses and indicators of economics were calculated respectively, as shown in
Fig. 2.17.
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Fig. 2.17 The process to achieve the economic analysis [60, 61]

2.7.1. Equipment cost
The equipment cost was obtained from the economic analysis data provided
by aspen plus program or the cost estimation from the plant design and economics for

chemical engineer’s book. [60]

2.7.2. Fixed capital investment cost, FCI

FCI consists of direct cost and indirect cost. The main part of the direct cost
includes purchased equipment and service facilities costs. The main part of the
indirect cost was contingency. FCI was relied on the Table 17 of plant design and
economics for chemical engineer’s book which represented the details of the FCI
composition and the ratio factors for estimating capital-investment items which based
on delivered equipment cost for solid and fluid processes. [6 0] In this study, the
details of the FCI composition for the solid and fluid processes after normalized is

shown in Table 2.1.



Table 2.1 The components of FCI

Component %FCI
Direct cost

Purchased equipment 22.35
Purchased-equipment installation 8.72
Instrumentation and controls (installed) 2.68
Piping (installed) 6.93
Electrical system (installed) 2.23
Buildings (including services) 6.48
Yard improvements 2.23
Service facilities (installed) 12.29
Land 1.34
Indirect cost

Engineering and supervision 7.15
Construction expense 7.60
Contractor's fee (about 5% of direct and indirect plant cost) | 5.00
Contingency (about 10% of direct and indirect plant cost) 15.00

2.7.3. Total capital investment cost, TCI

27

The total capital investment cost (TCI) is composed of fixed capital cost (FCI)
and working capital cost (WC). The 85% of TClI is FCI and 15% of TCI is WC, as

shown in Fig. 2.18. The total capital cost is the annual cost at the beginning of the

plant operation.

FCI
85% of TCI

TCI

wcC
15% of TCI

Fig. 2.18 The component of TCI.
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2.7.4. The operation and maintenance costs [61]
COMy = 0.180FCI + 2.735C,;, + 1.235(Cy + Cyyr + Cruy) (2.14)

COMqy = cost of manufacturing without depreciation
COL = cost of administrative, supervisory or laboratory
CU = cost of utility

CWT = cost of waste material

CRM = cost of raw material

2.7.5. The cost of administration, supervisor or laboratory
The calculation of this cost is based on the number of operators and the unit

operations that involved with particulate handling.

Nnp = Total unit of compressor, tower, heat exchanger and reactor

No. = Number of operators per shift = (6.29 + 31.7P? + 0.23Nnp)%° (2.15)
P = Number of solid process

Total number of labors (persons) = Shifts per day x Nov.

Total labor cost = Cost of operating labor cost x Total number of labors

2.7.6. Depreciation cost
The depreciation cost is the decrease of asset cost. There are several types of
depreciation calculation; straight-line, double declining, units of production and sum

of years digits.
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2.7.7. The significant indicator for economic analysis
2.7.7.1. Net present value (NPV)
NPV indicates the total annual cash flow at the present viewpoint. NPV is

calculated by using Eq. 2.16.

M
CFy
NPV = anom_m (2.16)

When CF = cash flow
n = each period
M = the end of plant operation

| = discount rate

2.7.7.2. Internal rate of return (IRR)
IRR indicates the return rate when NPV is zero. IRR is calculated by using
Eq. 2.17.

M
z Fr__ _ NPV =0 2.17)

n=0 (1+IRR)™

2.7.7.3. Breakeven point
Breakeven point indicates the point that the accumulated present value

is equal to zero.

2.7.7.4. Payback period
Payback period indicates the period that the accumulated present value

equal zero.

2.8. Sustainability evaluation

The sustainability evaluation has been proposed by Odum [62] which it is
emergy analysis. The emergy is “the available energy of one kind previously used up
directly and indirectly to make a product or service”. Every material, energy,
monetary, and manpower are counted in this analysis which it will transform into the
same unit. The analysis combines ecology concepts into energy calculations to

measure the direct and indirect inputs along with the transformation processes. This
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evaluation procedure covers all the energy-related to the system, including the
material, energy, monetary, and manpower, and then converts them all into solar
energy. In an energy view, 1 joule of electricity is equal to 1 joule of thermal energy.
However, in terms of emergy analysis, 1 joule of electricity represents 8.05E+04 solar
equivalent joules (sej), whereas 1 joule of thermal energy can represent different sej
values depending on the fuel used. For example, 1 joule of thermal energy obtained
from coal, methane, or wood would be 1.69E+05 sej/J, 1.70E+05 sej/J, or 6.72E+04
sej/J [62], respectively. The solar energy that was used to produce 1 joule of energy
was the UEV. The UEV was calculated from the total solar energy utilized by the
process to produce the product divided by the energy of the product. However, the
accuracy of the emergy analysis depended on the assumption and the database of the
UEV. The distinct advantage of emergy analysis was the consideration of types of
resources and the sources of resources that are different from other analyses. The
summary of emergy analysis is the analysis that converts of material, energy, cost,
and all data that involve the process into a solar energy form. When the procedure was
based on solar energy, it represented all solar energy that was used to perform the
resource. Accordingly, this analysis expresses the genuine value of the resource. With
the procedure of emergy analysis, the result reveals the self-sufficiency which other
methods could not explain. This analysis result would reveal both economic and
environmental impact by significant emergy indicator which included of 1) unit
emergy value (UEV), 2) environmental loading ratio (ELR), 3) emergy yield ratio
(EYR), and 4) emergy sustainability index (ESI).

2.8.1. Unit emergy values, UEV
UEV is a transform factor which it was calculated from the ratio between the total
emergy and energy flow product and service as shown in Eq. 2.18. In good case, UEV
is low. The low UEV indicate the low total emergy flow for product one unit of
product. [62] This transformity make different between economic and emergy
analysis. Economic take everything into account by price which it is indicated by the
human need. However, the emergy flow is indicated by all the solar energy that used

to produce the products, energy or service. Accordingly, the emergy analysis will
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represent more reasonable result than economic. In addition, the UEV is used to
transform all of energy stream into one form of solar energy (sej), as well.

UEVs = Total Emergy flow (2.18)

Energy flow, Products flow, Service

2.8.2. Environmental loading ratio, ELR
ELR is the environmental loading ratio which it represents the loading of the
process to the environment as shown in Eqg. 2.19. In good case, ELR should low.
When ELR is close to 2, it is low environmental loading. When ELR between 3-10, it
is moderate level of environmental loading. Finally, when ELR is more than 10, the
environmental loading is high level. [63]

N+F

N = local non- renewable resource; natural gas.
R= local renewable resource; water, air.

F = expense cost, external goods, Ni, Na2COs, Al.O3, equipment, labor cost.

2.8.3. Emergy yield ratio, EYR

EYR is emergy yield ratio which it indicates competitive ability in economic
and the stability of process. EYR is calculated from the total emergy flow which
divided by the emergy of expense goods (F), as shown in Eq. 2.20. In good case,
EYR is high. The reason of high EYR is low F. It represents that the process is hardly
relied on external resource. When the process relies on internal resource, the process
will high stability which it is highly competitive ability in economic, as well. In good
case, EYR is high but, in worst case, EYR is equal to 1. Moreover, when EYR is
lower than 2, it indicates that the process is not suitable to be an energy source by the
study of Ulgiati and Brown. [29]

EYR =

- External resources F+L

Total emergy __ R+N+F (2 20)
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2.8.4. Emergy sustainability index, ESI
ESI is emergy sustainability index which it indicates the sustainability of the
process. It is calculated from the ratio of EYR to ELR, as shown in Eq. 2.21. It is the
ratio of profit to the loading of the environment. When ESI is lower than 1, the
process is not long-term sustainability. When ESI is 1-5, the process is medium
sustainability. Finally, when ESI is higher than 5, the process is long term

sustainability.

ES == (2.21)

2.9. The literature reviews

2.9.1. The investigation of the operation conditions

There were many researches that studied the operating conditions to improve
the system efficiency. The thermal efficiency of the CLC was higher than the
conventional combustion with CO, capture process because it was not only heat
generator unit but also inherent CO. separator unit. [34, 64, 65] The countercurrent
gas—solid flow pattern, low moisture content of feeding biomass, temperature of fuel
reactor (>600 °C), low pressure (<40 atm) in the fuel reactor increased the conversion
of oxygen carrier. [4] The five parameters for operating the reactors were studied;
temperature inlet of air and fuel, temperature of reactors, temperature inlet to turbine,
temperature outlet from reactors and pressure of reactor. [28] The high temperature
and pressure led to high efficiency of the system. Olaleye and Wang [66] studied a
CLC with HAT cycle for power production which reached 57% thermal efficiency.
They investigated four effects including 1) effect of humidified air to fuel ratio on
concentration products, 2) effect of fuel flow on NiO conversion, 3) effect on
temperature inlet of fuel to thermal efficiency, and 4) effect of inlet and outlet
temperature of air reactor on thermal efficiency. The use of supercritical steam for
power production also increased the net efficiency of natural gas [67] to 43.11%
because this steam boiler was operated in high pressure operating condition (240 bar).
[67] The change of compression ratios showed that there was an optimum point for the
operation. Beyond that point the efficiency would decrease. [27] Furthermore, there
were other groups of research works focusing on modification the system to improve

the system efficiency. The modified power generation system called CLSA, which
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had a multistage of compressors increased the thermal efficiency to 55.1% [68].
Ibrahim studied types of the CLC and types of oxygen carriers for power generation
[49]. The results indicated that the thermal efficiency of the CLC with HAT cycle by
using Ni as an oxygen carrier was 56.08% The CLC with HAT cycle for power
production was investigated. Olaleye and Wang [69] studied the effect of fuel inlet
temperature, inlet and outlet temperature of air reactor, effect of humid air and Ni
flow rate, and effect of air to oxygen carrier ratio on thermal efficiency. Nevertheless,
it could not explain the interaction between each effect. In fact, all variables affected
to each other and could not be separately investigated. The 2¥ factorial would be the
methodology to explain all of the main and interaction effects on the system. Fun et
al. [70, 71] studied a CLC operated with combined cooling, heating and power
production (CCHP-CLC). The obtained thermal efficiency of the process was 58.20%
in summer and 60.34% in winter. This process was suitable for some countries that
had enough different temperatures by season change. Other combination process, the
CLC with solid oxide fuel cells (SOFCs) gained very high thermal efficiency that was
63-70 % [34] because chemical energy from fuel was directly converted to electricity.
SOEC was solid oxide electrolysis that had high efficiency for Hz production. [72]
The combination of the SOEC and CLC obtained 56% efficiency [9]. Power and H>
were produced from this process at the same time. However, the result was based on

the operation in a lab scale equipment only.

2.9.2. The investigation of the hydrodynamics.

There were many researches that studied the operating conditions to improve
the hydrodynamics. For the latest investigation of a fluidized bed reactor for the CLC
process, the study of cold flow models which the reactions were not included in
calculation was highly investigated. The solid circulation rate (SCR) was examined in
a cold flow model by the CFD-DEM ( dynamics-discrete element) in the study of
Peng et al. [73] The result of Peng et. al. demonstrated that SCR was strong impacted
to the conversion of oxygen carrier, the size of reactor and the heat transfer between
air and fuel reactor which it was transferred by the oxygen carrier. Yin et al.
researched the bubbling regime in fuel reactor which the fluidized bed reactor was
used for their study. [74] The result of Yin et. al. demonstrated that the high CO;
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concentration was obtained when the pressure in the fuel reactor was increased. In
addition, the fuel feeding position was studied. Yin et. al. suggested that the better
hydrodynamic behavior was achieved when fuel was introduced at the lower feeding
position. The CLC reactor in pilot scale at 1 MW was investigated in the three
dimensional system by May et al. [75] The simulation was validated with the
experimental data. The result demonstrated that the temperature result from the
simulation and the experimental data was insignificant different. The deviation of
temperature might be the result of the assumption in the simulation. The result of
Merrett and Whitty demonstrated that the carbon conversion was significantly
increased in the chemical looping with oxygen uncoupling process (CLOU) because
of temperature. [76] In this study, the DCFBR was performed in simulation
investigation.

The suitable operation condition provided the high conversion in reactor.
Furthermore, the configuration of reactor was the important part for enhancing the
conversion reaction, as well. Chen et al. investigated the hydrodynamics within the
dual circulating fluidized bed reactor ( DCFBR) . The DCFBR enhanced the
conversion of the fuel reactor. [57] The height of fuel reactor was higher than air
reactor. Therefore, the residence time and conversion within fuel reactor was
increased when DCFBR was selected as the reactor. The loop seal was the critical part
of the DCFBR. The loop seal was the connecting part between downer and riser. It
was contained with solid return from the cyclone and prevented the reverse flow of

gas to the downer section.

2.9.3. The investigation of Emergy.

The development of power production is also important for the industrial and
commercial sectors. Hence, it is crucial to evaluate the environmental impact of any
power production processes before deciding on constructing a new power plant. The
life cycle assessment (LCA) is the most widely used tool for environmental
assessment. [77, 78] A previous LCA study of a CLC indicated that the CLC produces
a lower environmental impact than a conventional power production process. [79] The
limitation of the LCA is that the method cannot ascertain the economics and long term

sustainability of the process [80], nor can it quantify the social cost and the impact of
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the environment [81]. Several issues related to conventional analysis tools include:
(1) that the mixing units, such as the weight, heat capacity, volume, power, and cost,
cannot be exactly compared; and (ii) the resources, products, and processes, that
cannot be evaluated in a price form, are not quantified. [82]

The emergy analysis was used to assess the performance of the process in
various fields such as agricultural system, energy production, city development, etc.
The evaluation from the emergy analysis represented the deep information which
deserved for further development. [83] The best-case study exhibited the net benefit
to society and low environmental loading. In the study of Yazdani et. al., the emergy
analysis was used to evaluate the 2 power plants which used the different fuel types;
natural gas (NG) and municipal solid waste (MSW). The result indicated that the ESI
of the MSW cases was higher because the percent of renewability (PR) of MSW case
was higher. [84] Sha and Hurme investigated the cogeneration process for heat and
power production, the study indicated that the emergy analysis could be applied for
evaluating efficiently the power plants in a sustainable viewpoint. The sustainability
index of biomass based was higher than coal based in 1.5 times. [85] The
cogeneration was a 20-35% reduction of the emergy in the production process when
compared to the individual production process. In the study of Zhang et. al., the
emergy analysis was used to evaluate the waste heat power generation process. [86]
The waste heat utilization was the one approach to increase the efficiency of the
system. The power was generated by the organic Rankine cycle (ORC). The result
indicated that the ESI of ORC power was lower than wind, hydro and geothermal
power plant. However, the ESI of ORC power plant was higher than fossil fuel power
plant. The EYR of ORC was the highest of the six-power plants (wind, geothermal,
hydroelectric, methane-fired power plant, oil-fired plant and coal-fired power plant)
because the purchase from the ORC case was the lowest. In the study of Wang et. al.,
the process for power production was evaluated by emergy analysis. [87] The 3
processes were included of 1) pulverized coal-fire with combined heat and power
plant, 2) coal-fired and pressurized fluidized bed combustion with combined cycle,
and 3) coal-fired with integrated gasification combined cycle. The result indicated that
EYR of case 3 and case 2 were higher than case 1. With this reason, ESI of case 3 was

the highest. In the study of Ulgiati et. al., the process for power production was
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evaluated by emergy analysis, especially the cycle for power production. [88] The
steam cycle and the combined cycle were compared. The emergy analysis indicated
that the electrical transformity of combine cycle (1.905E+05 seJ/J) was lower than
steam cycle (3.15E+05 seJ/J). It represented that the combined cycle required the
lower total resources. When the main product was changed from only electricity to
heat and electricity, the transformity of 2 cases was highly reduced. The co-generated
product transformity of combine cycle and steam cycle were 1.56E+05 and 1.73E+05
selJ/J, respectively. The result indicated that the co-products production and the
optimal resources were the key to obtain the sustainable development.
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Chapter 3
The methodology of this research

The research was divided into three sections: (1) The process efficiency
improvement for the power production using a CLC as the key thermal engine had
been explored. (2) The hydrodynamics of the CLC was investigated. (3) The
sustainability of the process was evaluated.

The operation conditions of a CLC process with the HAT cycle for power
production was systematically investigated by 3% factorial experimental design, in
chapter 4. The four input parameters and the four responses provided the optimum
operation condition that reached the highest thermal efficiency.

The hydrodynamic behavior of the CLC reactor was investigated in chapter 5.
The dual circulating fluidized bed reactor was selected to be studied. The suitable
hydrodynamic behavior would provide high performance of the CLC process. In this
section, there were two types of fuel; solid fuel and gaseous fuel. For gaseous fuel, the
operation conditions from chapter 4 were used to prove whether the operation
condition was suitable. The outcomes of this section were the operation condition and
the reactor size.

In chapter 6, there were three types of analysis including 1) thermal efficiency,
2) economic analysis and 3) the sustainability analysis, for selecting the best-case
study. The effects of combustion types, CO: capture efficiency, carbon tax and HAT
cycle were included in this section which provided six case studies. The equipment
and operation costs from chapter 4 were used in economic and sustainability analyses.
In addition, the CLC reactor size was calculated from chapter 5, as shown in Fig. 3.1.
The outcomes of this section were the viewpoint of different analyses on the process

and the suggestion for the CLC process improvement.
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Fig. 3.1.1 The flow diagram that represents the relationship among chapter 4, 5 and 6
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3.1 The methodology of chapter 4; the investigation of operating parameters of a
CLC with HAT cycle process for power production
3.1.1 The research gaps

The limitations of previous studies of the CLC study are the individual
investigation of each parameter. However, all parameters in the system have
interacted with each other and they could not be studied separately. In this study, the
3% factorial design was used for examining the effects of these parameters
systematically and identify their effects and interaction with the minimum treatment
number. For this part, four independent input variables are the pressure of the air
reactor, the number of stages of air compressors, methods of air compression
operation and airflow rate. Four responses of the process consist of thermal efficiency,
power production from air reactor, work of air compressors and air compressor
discharge temperature. It is the first time that the operating parameters of the HAT
cycle and those of a CLC process were systematically investigated. The HAT cycle is
composed of the multi-stage compressors, heat exchangers for intercooler between
compressors and a turbine. Accordingly, the operation of the HAT cycle is directly
relating to compressors and turbine workloads, which affect on power production of
the system. The 3* factorial result could reveal the main factors, the interaction and
curvature interaction among operation parameters on the thermal efficiency of the

system.

3.1.2 Objective
To study the effects of operating conditions on the power production of the

chemical looping combustion process with the HAT cycle.
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3.1.3 Methodology
3.1.3.1 Process description
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Fig. 3.1.2 The flowchart of CLC for power production system and flow chart of
preheating section

The CLC process with the HAT cycle was simulated for evaluating the system
efficiency by Aspen plus simulator. In this study, it was the gas and solid system
because natural gas was used as a fuel and NiO on Al.O3 was used as the oxygen
carrier. The Peng-Robinson-Boston-Mathias ( PR-BM) was the thermodynamics
properties suitable for simulating the solid and fluid process. The PR-BM was the
modified equation of state with a high explicit prediction for multiphase system [89]
and the solid-gas process. [49] The CLC process with the HAT cycle was complete by
Petriz-Prieto [49] and the thermal efficiency of their system was 55.88%. This

developed process was including of a CLC process for heat production and the HAT



41

cycle for power production. There were two reactors in the CLC section, air reactor
(AR-101) and fuel reactor (FR-101), which was operated as a cycle as shown in Fig.
3.1.2. The multi-stages compressor was a part of the HAT cycle for decreasing the
workload of the compressors. The heat exchangers were installed between the
compressor stages. The cooling water was fed into a heat exchanger for releasing heat
in the compressed air. Then the compressed air was sent to the next compressor stage.
Its workload was reduced. For the three-stage compressors, air would be compressed
at C-101; it was cooled down at HX-101. The compressed air was sent to the next
compressor, C-102, and next heat exchanger, HX-102. Finally, the compressed air
would be transferred to the last stage compressor, C-103. For other number stages of
compressors, air would be alternately introduced into compressors and heat
exchangers until the last stage of the compressor. The compressed air and cooling
water were fed into the HAT cycle; after that, it was preheated at the preheating
section. Water was preheated until it was vaporized. The stream was combined with
compressed air. Then the humid air was fed into the air reactor. The Ni metal and
Al,Oz3 supporter were fed into the air reactor ( AR-101) for reacting with the
compressed air and producing oxygen carrier: NiO. The ratio of Ni to Al,Os was
0.25/0.75 by a mole at 1350°C. The NiO was separated from excess air by a cyclone
(CYC-101). The excess air with high temperature and high pressure was introduced to
a turbine (TURB-101) for power production. The natural gas was preheated at the
preheating section. After that, it was introduced into a fuel reactor (FR-101) for
reacting with NiO. The spent metal oxide was separated from gas products by a
cyclone (CYC-102). The gas outlet from the fuel reactor (FR-101) was sent to a
turbine (TUR-102) for power production. The gas products from the fuel reactor
consisted of water and CO», which water was condensed from flue gas by a
condenser, CSR-101. The solid product from the fuel reactor was Ni, which was sent
to the air reactor (AR-101) for regeneration. The metal in the system was recycled in
the CLC process. The outflow from the cyclone was introduced to the preheating
section for heat recovery. Air and water were preheated by the high temperature
streams from TUR-101 by HXA-107, HXA-106, HXF-102, HXA-105, HXA-104,
HXA-103, HXA-102 and HXF-101, respectively. The high temperature stream from
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TUR-102 by HXF-105, HXA-108, HXF-104, HXF-103 and HXA-101, respectively,
preheated natural gas.

3.1.3.2 Experimental design
The CLC with the HAT cycle process was investigated to improve thermal
efficiency when using natural gas. The condition of natural was shown in Table 3.1.1.

Table 3.1.1 Aspen Plus models and operating parameters

Thermodynamics properties PR-BM

Ni/Al203 Flow rate (kmol/hr) 48658.04
Mass fraction (-) [47] 0.16/0.84
Temperature (°C) 1350
Pressure (atm) 1

Water Mass fraction in 0.14-0.18
humid air by weight

Natural gas Flow rate (kg/s) 14.2
Temperature (°C) 25
Pressure (atm) 20

Composition of natural gas | Nitrogen 0.28
Carbon dioxide 0.70
Methane 89.51
Ethane 5.92
Propane 2.36
n-Butane 0.40
i-Butane 0.56
n-Pentane 0.08
i-Pentane 0.13
Hexane 0.06

The factorial experimental design was selected to investigate the effects of all
parameters on the process performance with the minimum case studies. [90] The 3X
factorial experimental design was implemented to identify the operating parameters
that led to optimum thermal efficiency. Since pressure significantly affected the
efficiency system [49, 91, 92], it was included as a parameter to be evaluated. In this
study, there were four parameters: the pressure of the air reactor, the number of air
compressor stages, the Method of air compression and airflow rate. The four
responses to be observed are: thermal efficiency consists of thermal efficiency, power

production from air reactor, work of air compressors and air compressor discharge
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temperature. In summary, there were 81 cases in total to be simulated and evaluated
the outputs. The values of these four input variables which were used in the study
were shown in Table 3.1.2.

Table 3.1.2 The values of four parameters that was conducted in 3% factorial

experiment.
Variable Name Units Low value | Middle value | High value
A The pressure of air reactor atm 5 10 15
B Number of compressors Number 3 5 7
C Air compression method - Method 1 Method 2 Method 3
D Air flow rate kmol/hr 58000 59500 61000

3.1.3.3 Thermal efficiency
Thermal efficiency indicated the efficiency of the fuel used to produce
electricity in the system. It can be expressed as the ratio of net power production to
the thermal energy of the fuel, as shown in Eq. 3.1. The net power production was
calculated from the power production from air and fuel reactors which was subtracted
by the power consumption from compressors and pump. The thermal energy of the

fuel was calculated from the lower heating value of natural gas.
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Thermal ef ficiency (%) = PARHLJ;s_zC_PP x 100 (3.1)
N

Note that;

Par = power production from air reactor (kW)

Prr = power production from fuel reactor (kW)

Pc = power consumption from air compressors (kW)
Pp = power consumption from pump (kW)

LHV =lower heating value (kW)

NG = natural gas

3.1.3.4 Method of air compression
The operation of multi-stage compressors with a different compression ratio of
each compressor has never been studied before. In a previous study, the compression
ratio of multi-stage compressors was fixed to be equal in every stage [93, 94]. The
significance of this operation and the effect on four responses were assessed in this
study. Because the HAT cycle uses many compressors, the compression ratio became
a significant parameter of the system. The compression ratio is the ratio of the outlet

stream pressure to the input stream pressure, as shown in Eq. 3.2.

Pressure outlet
Pressureinlet (3 2)

Compressionratio =

The compression ratio directly affects its compressor workload, discharge
temperature, and the temperature of the air reactor. When a high compression ratio
was used, the pressure and temperature outlet of the compressor would be high, and
the workload of the compressor would also be high. Thus, the compression ratio
would be kept less than 3 to avoid too much workload and too high temperature outlet
[95, 96]. Some compression ratio of the compressor in this study was higher than
three and the temperature of the outlet stream is high. The heat of the outlet stream
would be used in the preheat section. Typically, the high compression ratio consumes

higher work in multi-stage compressors. There were many alternatives for setting up
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operation methods. In this study, three operational methods were being studied their

effects on the four responses.

Method 1: The outlet pressure of the first stage compressor is 65% of the total
pressure of the air reactor. The rest of the compressors has an equal
compression ratio by sharing of 35% of total pressure.

Method 2: All compressors in the system use an equal compression ratio.

Method 3: The outlet pressure of the last stage compressor is 65% of the total
pressure of the air reactor. The rest of the compressors has an equal
compression ratio by sharing of 35% of total pressure.

The compression operation for 5 compressors and 10 atm was shown in Table

3.1.3

Table 3.1.3 The compression ratio of all method of compression.

Compression ratios

stage 1 | stage 2 | stage 3 | stage 4 | stage 5
Method 1 6.5 1.1 1.1 1.1 1.1
Method 2 1.6 ety 1.6 1.6 1.6
Method 3 1.1 1.1 11 1.1 6.5
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3.2. The methodology of chapter 5; hydrodynamic behavior of chemical looping
combustion
3.2.1 The research gaps

Chemical looping combustion could be used for solid fuel or gaseous fuel. The
challenge of fuel types was different. The solid fuel for CLC is coal or biomass. The
significant problem of solid fuel is the unburnt char because of the slow gasification
step. For the gaseous fuel system, mostly, it is complete combustion. Nonetheless, the
improper operation condition was also the reason for incomplete combustion as well.
The consequence of incomplete combustion was the CO, emission from the air
reactor. Accordingly, the operation conditions were also crucial factors for suitable
hydrodynamic behavior in the CLC reactors.

3.2.2 The objectives

The dimension of the dual circulating fluidized bed reactor was selected from
the study of Su et al. [97]. However, the fuel and oxygen carriers from this study
were coal and iron oxide, respectively. Therefore, the system of coal and iron oxide
was first investigated to obtain the proper hydrodynamics in the reactor. After that,
the system of methane and nickel oxide was investigated in the second part, as shown
in Fig. 3.2.1.

For the first section, the operating conditions of the reactors were
systematically investigated for suitable hydrodynamic behavior. The fuel and oxygen
carriers for this section were coal and iron oxide (Fe2O3/Fes0s).

For the second section, the operating condition which obtained the highest
thermal efficiency from chapter 4 was investigated for suitable hydrodynamic
behavior, conversion and temperature achievement. The fuel and oxygen carrier for

this section was CH4 and nickel oxide (NiO/Ni).
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Fig. 3.2.1 The methodology of hydrodynamic behavior of CLC reactor investigation

3.2.3 Model description

The hydrodynamic behavior in a two-dimensional CLC system was
investigated. The dual circulating fluidized bed reactor (DCFBR) was selected in this
investigation. This reactor consisted of an air reactor and fuel reactor, as shown in
Fig. 3.2.2. The reactor configuration was modified from Su et al.’s study. [97] In this
study, the downer and air reactor were larger than those compared with Su’s study.
Accordingly, the solid in the system was more than Su’s work. Besides, there was
much solid retention in the downer and loop seal. The loop seal was the section that
connected the downer and the riser. It was a key point for preventing the reverse flow
at the loop seal. The air reactor (AR) was the inner reactor and the fuel reactor (FR)
was the outer reactor. Fuel was oxidized by an oxygen carrier at the riser of the fuel
reactor. Its products were CO», H>O, and spent oxygen carrier. CO2 and H20 were
discharged at a cyclone of the fuel reactor. The air was used to regenerate the spent
oxygen carrier at the air reactor. There were two types of fuel in the section; coal and

natural gas.
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3.2.4 The first section
In this section, coal was used as the fuel and Fe;Os/FesO4 was used as the

oxygen carrier.

3.2.4.1 Methodology for the first part

There were three phases (Eulerian-Eulerian); gases, coal, and a solid sorbent
in the model. In this hydrodynamic model, the drag model was Gidaspow; The heat
transfer coefficient model was Gunn and the viscous model was k-epsilon. The
oxygen carrier was Fe>Oz/FesO4. In the fuel reactor riser, coal was gasified to char
and gas species by CO,. Fe>O3 oxidized char and gas species. Subsequently, Fe>Os
was transformed to be FesOas. In the air reactor or the riser, the spent metal oxide,
Fes0a4, was regenerated to Fe>O3 by air. The boundary and initial conditions for this
section were shown in Table 3.2.1.

The investigation of the operation condition was systematically designed by
using a 3 factorial experimental design. There were two operation parameters: 1) the
system temperature and 2) the ratio between the coal feeding velocity to the weight of
the oxygen carrier. The responses of this analysis were % combustible gas species
from the FR and % CO. from the AR. The total case studies were nine. The three
levels of temperature were 1173, 1373, 1573 K. In the study of Petriz-Prieto, the
temperature in the range of 1373-1623 K was investigated. However, the study has
not revealed the effect of temperature on the hydrodynamic behavior of the reactor.
[49] The total Fe;O3/Fe304 in the system was 400 kg. The three levels of gas velocity
were 0.1, 0.5, and 1.0 m/s. Accordingly, the three levels of the ratio between coal
feeding velocity to the weight of the oxygen carrier were 0.00025, 0.00125 and
0.0025 (m/s)/kg, as shown in Table 3.2.2.



Table 3.2.1 Boundary and initial conditions for the first section.

Boundary conditions

Right of FR loop seal velocity (m/s) 0
Left of FR loop seal velocity (m/s) 0.00353
Right of AR loop seal velocity (m/s) 0
Left of AR loop seal velocity (m/s) 0.0027
CO:2 velocity inlet at FR riser (m/s) 1.2
CO- velocity inlet at coal feeding (m/s) 4
Air velocity inlet at AR riser (m/s) 1.6
Outlet pressure of AR cyclone (pa) 2000
Initial conditions

Fe>0O3 mass fraction at AR downer 1
Fe>O3 volume fraction at AR downer 0.6
Bed height of AR downer (m) 1.28
Fe304 mass fraction at FR downer 1
Fe304 volume fraction at FR downer 0.6
Bed height of FR downer (m) 1.42

Table 3.2.2 The total case studies from 3% factorial experimental design and the

results.

Case  Temperature Vcoa to weight of

(K) OC (m/s)/(kg)
1 1173 0.00025
2 1373 0.00025
3 1573 0.00025
4 1173 0.00125
5 1373 0.00125
6 1573 0.00125
7 1173 0.0025
8 1373 0.0025
9 1573 0.0025

50
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3.2.4.2. The equations for CFD simulation included of this followed.
[98]
3.2.4.2.1. Governing equation

a) Conversion of mass

i Gas phase

a

% (e4p4) + V- (g4p4v,) =0 (3.2.1)
ii. Solid phase

2 (e5ps) + V- (£5psvs) = 0 (3.2.2)

b) Conversion of momentum
i. Gas phase

a

7t (Egpgvg) +V- (Egpgvgvg) =—gVP+V 15+ g5pyg + .BgS(vg - v)

(3.2.3)

ii. Solid phase

a

o (espss) + V- (e5psvsv;) = —€,VP + V-1, — VP, + g5psg +
Bgs (vg ~ ) (3.2.4)
c) Conversion of solid phase fluctuating energy

a =
2[& &psf + V- (SSPSH)US] = (—VPSI + Ts): Vyg + V- (ste) — Vs + O

(3.2.5)
3.2.4.2.2. Constitutive equations

a) Gas phase stress

Ty = Egllg [va + (va)T] — gsg,ug(v . vg)l (3.2.6)
b) Solid phase stress

75 = ot [Vo, + (V)] 4 &5 (§ =35 V- sl (3.27)
c) Collisional dissipation of solid fluctuating energy

¥s = 3(1 —e®)eZpsgo 6 G\E) (3.2.8)

d) Radial distribution function

go = [1—( & )1/31—1 (3.2.9)

Es,max
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e) Solid phase pressure
Ds = &spsO[1 + 2goes(1 —e)] (3.2.10)
f) Solid phase shear viscosity

2
e = Leupadgo(1 + e)\/ng L0pdVT0 1 2 ge(14e)| (321D)

96(1+e)gocs

g) Solid phase bulk viscosity

fs = ggspsdgo(l + e)\/g (3212)
h) Exchange of the fluctuating energy between gas and solid
Ds = _3.3950 (3.2.13)

i) Gas—solid phase interphase exchange coefficient

Gidaspow model

when g, > 0.80; B, = %@pgwg — | Cpoe >6° (3.2.14)

2
when &, < 0.80; Bys = 1500200k 4 g 75 (albalovl (35 15

ggd?
with
Re, < 1000; Cpo = 2_4(1 + 0_15Re’2.687);Rek — PgEglvg—vs|d
Rey Lg
Re, = 1000; Cpo = 0.44
0.0214
4(g4—0.7463)° +0.0044

when 0.74 < ¢, < 0.82; w(e) = —0.5760 +

when 082 <&, <097;  w(e) =—-0.0101+ 0.003%
4(gg—0.7789)"+0.0040
when &5 > 0.97; w(e) = —31.8295 + 32.8295¢,

3.2.4.2.3 The reactions for the coal reduction and the iron oxide
oxidation

Coal pyrolysis reaction [97, 99]

Coal + 0.0666C0, — 0.4663Char + 0.05192CH, + 0.00554C,H¢ +
0.1672CO + 0.0604H, + 0.0269H,0 + 0.01007ASH (3.2.16)

The reaction rate of pyrolysis was followed;
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Toyrotysis = (1 X 1073)(0.3(2 X 10%)exp(—104.6/RT) + (1.3 x

p
107)exp(—167.4/RT))Ceou (3.2.17)

Char gasification reaction [100]
Char + CO, —» 2CO (3.2.18)
The reaction rate of char gasification was followed;

(8.83x10%*) pcnarechartg(1—xchar)?/?
Tchar = (3.2.19)
MW char

rehar (Kmol/m3/s) was char gasification rate, pehar (Kg/m?) was char density, echar Was
char volume fraction, Xchar Was char conversion, and MWoghar Was char molecular

weight.

Methane reduction reaction [101, 102]

CH, + 12Fe,0; — 8Fe;0, + 2H,0 + CO, (3.2.20)
The reaction rate of methane reduction was followed;
(0.30085)k (x)pre (Mmox)Y
Ten, = C*(’)‘*z (M[;OZ‘)“ CHy (3.2.21)
* 2
Where; x=—10%
m_ox—m_red2
12MWEe,0
m_ox = YF3203 + YFE3O4 WFe:o; (3222)
8MWEe
Myedz = YFe203 12MWFF30: + YFe203 (3.2.23)
€203

ken, = 3.37598exp(—49/RT)C, (3.2.24)
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Ethane reduction reaction [101, 102]

C,Hg + 21Fe,05; — 14Fe;0, + 3H,0 + 2CO, (3.2.25)
The reaction rate of ethane and methane reduction were equal.
TC2H6 = TCH4(R 44) (3226)

Carbon monoxide reduction
CO + 3Fe,0; — 2Fe;0, + CO, (3.2.27)

The reaction rate of carbon monoxide reduction was followed:;

_ (2)(0:30085)kco (pre,04)(Mm_0x) (1-x)%/3
- MWy,

(3.2.28)

Ty 5

Hydrogen reduction [101, 102]
H, + 3Fe,0; — 2Fe;0, + H,0 (4.6) (3.2.30)

The reaction rate of hydrogen reduction was followed,

_ (2)(0.30085)kp, (pre,04)(Mm_0x)(1-x)%/3
Hz 7 MWo,

(3.2.31)

Where;
ky, = 2.42648exp(—24/RT)CHE (3.2.32)

Water gas shift reaction [103]
CO + H,0 - CO, + H, (3.2.33)

The reaction rate of water gas shift was followed;

= — 7 \! 0.5 _ CHy0Cco
Tco = —2.17 X 107exp(—192/RT) (CHZ Cco, exp(_4.33+(4577.8/n)>

(3.2.34)

Iron oxide oxidation [101, 102]
4Fe;04 + 0, = 6Fe,04 (3.2.35)

The reaction rate of carbon monoxide reduction was followed:;

_ (2)(0.30085)ko, (PFe,04)(M_0x)(1-x)?/3
- MWo,

(3.2.36)

T'HZ

Where;
ko, = 0.63669exp(—20/RT)C,, (3.2.37)
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3.2.5 The second section

In this section, methane (CH4) was used as the fuel and NiO/Ni was used as

the oxygen carrier.
3.2.5.1 Methodology for the second section

In this model, the drag model was Gidaspow, the heat transfer coefficient
model was Gunn, and the viscous model was k-epsilon, as the same in the first part.
The difference from the first part would be mentioned as followed. There were two
phases (Eulerian-Eulerian); gases and solid sorbent. The oxygen carrier was NiO/Ni.
In the fuel reactor riser, CH4 was mixed with CO,. The mixture was introduced into
the riser of the fuel reactor. NiO oxidized the CH4. The gas products were CO. and
H20. The solid product was Ni. In the air reactor riser, the spent metal oxide, Ni, was
regenerated to NiO by air. The boundary and initial conditions for this section were
shown in Table 3.2.3. At the initials, the solid was patched in the reactor downer. The
gas mixture was patched in the reactor riser to reduce the temperature deviation from

the gas density changing.
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Table 3.2.3 Boundary and initial conditions for the second section.

Boundary conditions

Right of FR loop seal velocity (m/s) 0
Left of FR loop seal velocity (m/s) 0.00353
Right of AR loop seal velocity (m/s) 0
Left of AR loop seal velocity (m/s) 0.0027
CO:2 velocity inlet at FR riser (m/s) 1.2
Air velocity inlet at AR riser (m/s) 1.6
Outlet pressure of AR cyclone (pa) 2000
Initial conditions

Reactor temperature and the inlet 873
stream (K)

Ni mass fraction at AR downer 0.277
Al>03 mass fraction at AR downer 0.723
Solid volume fraction at AR downer 0.35/0.45
Bed height of AR downer (m) 1.28
NiO mass fraction at FR downer 0.277
Al>03 mass fraction at FR downer 0.723
Solid volume fraction at FR downer 0.35/0.45
Bed height of AR downer (m) 1.42
CHa mass fraction at FR riser 0.3
CO- mass fraction at FR riser 0.7
Bed height of FR riser (m) 1.50
O2 mass fraction at AR riser 0.168
N2 mass fraction at AR riser 0.2
H20 mass fraction at AR riser 0.632
Bed height of AR riser (m) 1.35

The crucial point for the model in this system was the properties of the
mixture, such as density, the heat of formation, heat capacity. The properties must be
checked in the mixture section of the Ansys fluent programs. The properties of the
mixture were acquired from Perry’s chemical engineers’ handbook. [104] The
accurate properties data led to the accuracy of the results.

The aim of this section was the using operation conditions from the chapter 4.
The rate reaction, initial solid volume fraction, velocity and CH4 mass fraction in feed

were investigated to obtain the suitable hydrodynamic behavior. The pre-exponential
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factor of reaction rate was adjusted at 1, 1E+3 and 1E+5. The initial solid volume
fraction was adjusted at 0.35 and 0.45. The velocity was adjusted from the previous
section at 1 and 1.5 times. The CH4 mass fraction in feed was adjusted at, 0.05, 0.15
and 0.30, as shown in Table 3.2.4. The total cases were 10 cases. After that, the
simulation data was validated with the temperature, CH4 conversion and MW thermal
of the experimental data.

Table 3.2.4 The adjusted parameters

Cases Rate Volume Velocity when Mass
constant fraction of compare with base | fraction of
solid phase case CHj, at feed
1 1 0.35 1 0.3
2 1 0.45 1 0.3
3 1.00E+03 0.35 1 0.3
4 1.00E+03 0.45 1 0.3
5 1.00E+05 0.35 1 0.3
6 1.00E+05 0.45 1 0.3
8 1.00E+05 0.45 1 0.15
7 1.00E+05 0.45 1 0.05
9 1.00E+05 0.35 15 0.3
10 1.00E+05 0.45 15 0.3
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3.3 Methodology for chapter 6; the sustainability assessment of chemical

looping combustion for power production

3.3.1. The research gaps

In a previous CLC study, the best case of the CLC process was investigated
only thermal efficiency and economic analysis. However, the study did not investigate
whether those implementations would enhance the sustainability of the improved
CLC processes. The significance of thermal efficiency to the sustainability of the
CLC process had not been reported. The approach for CLC process improvement by
sustainability analysis was reported, as well. There were 6 case studies in which
different operation conditions and configurations were investigated. The best case of 3
viewpoints (thermal efficiency, economic analysis, and sustainability analysis) was
proposed. The comparison among the 3-analysis types has not been performed before.
Besides, this study revealed the results, comparing combustion types between
conventional combustion (CC) and CLC, the effect of the CO. capture efficiency of
the CC, and the effect of thermal efficiency on sustainability analysis. The interesting
point was the approach of the operation condition or configuration of the case study

that obtained high sustainability was suggested in this study.

3.3.2. Objective

Perform emergy analysis for sustainability assessment

3.3.3. Methodology

The main objectives of this section were the sustainability assessment of the
CLC process. In addition, there was an investigation of the impact of combustion
types and the impact of system configuration to the 3 points of view, thermal
efficiency analysis, economic analysis and sustainability analysis. The CLC process
was the combustion unit that almost captures CO> in flue gas with a simple process.
The other process that had to compare with the CLC process was the combustion
process that included the CO> capture also. This comparison would express the impact
of combustion types on sustainability. Accordingly, the conventional combustion

(CC) with solid adsorption and the CLC process were selected to compare. The CLC
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process for power production was achieved high thermal efficiency. The high thermal
efficiency indicated the efficiency of fuel usage in power production. There was not
an investigation of the significance of thermal efficiency to sustainability.
Accordingly, the significance of efficiency improvement of the CLC process was the
one topic in the sustainability assessment of the CLC process. The benefit of this
section would be the first time that represents the sustainability assessment of the
CLC process. It could be a new proposal for the CLC process improvement in the

future, as shown in Fig. 3.3.1

&

6 Case Studies

Studied
Parameters

Combustion Types Thermal Efficiency
CO, Capture Efficiency Economic Analysis
System Configurations Emergy Analysis

e.g., PC reactors, HAT cycle.

Fig. 3.3.1 The graphical abstract of the sustainability of CLC process investigation

The comparison of combustion types for decision-making in a sustainability
viewpoint between the CC with solid adsorption and the CLC process was developed
and investigated. The total cases for this investigation were 6 cases. Cases 1-3 were
CC cases and cases 4-6 were CLC cases. The brief operation of all case study was

shown in Fig. 3.3.2.
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Fig. 3.3.2 The system configurations of all case studies
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The significant section for power production was the HAT cycle. HAT cycle
was the power production unit that obtained high thermal efficiency. It consisted of a
multi-stage compressor which it had an intercooler between the compressor stage.
This cycle increased the thermal efficiency of the power plant by decrease the work
consumption of the compression process. The decrease in compressed air temperature
was the reason for the work consumption of compression reduction. The operation of
compression in this case study was method 3 because of its increased temperature of
the combustion reactor and power production. The compression operation of case 6
was method 2 because the work consumption of compression from method 2 was the
lowest. In other multi-stage compressor studies, its compression ratio of every stage
was equal, which was corresponding to method 2 in case 6. [93] The compression
ratio affected power production and thermal efficiency, as well. In the compression
operation of all case studies except case 6, the compression ratio was 1.115, 1.38 and
9.75, for stages 1, 2 and 3, respectively. In the last stage compressor, it was 65% of
total pressure change. Accordingly, this operation increased the temperature of the
compressed air before it was introduced to the combustion section. In this
compression operation, the work consumption of compression was the highest

workload. However, the power production and thermal efficiency of this operation
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were the highest obtaining. The compression operation of case 6 was different from
others. The compression ratio of all stages was 2.466.

In the CC case, there were three major sections; 1) combustion section, 2)
HAT cycle for power production (Fig.3.3.1), and 3) solid adsorption for CO> capture.
Case 1 was the CC case that was not employed solid adsorption. There were only a
combustion section and the HAT cycle. The analysis from cases would be to express
the impact of the process without CO> capture. Cases 2 and 3 were the CC case that
employed three major sections, which stated above. The difference between cases 2
and 3 was the CO capture efficiency in the CO. capture section, 96.22% and 77.66%
in case 2 and case 3, respectively. Accordingly, the effect of the CO. capture
efficiency would be investigated from 3 points of view. In the CO> capture section,
the operation conditions were followed Boonprasop study. [105-107] The multi-stage
CO. capture reactor was the main section of the CO, capture section. The solid
sorbent in CC cases was Na>COs. [16]

In CLC cases, there were 3 major sections; 1) CLC process for combustion
and CO> separation and 2) HAT cycle. Case 3 was the CLC case that was not
employed the HAT cycle. Case 3 was the only CLC process without a multi-stage
compressor from the HAT cycle. HAT cycle was the power production that reduced
the work consumption of compression. Since the HAT cycle was not employed in
case 4, therefore the thermal efficiency of case 4 would be the lowest of all case
studies. Moreover, the equipment cost of case 4 would be the lowest of all, as well.
The effect of low thermal efficiency and low equipment cost on the 3 points of view
would be analyzed. Cases 5 and 6 were the CLC case that employed 2 major sections,
which stated above. The operation conditions of case 4 led to the highest thermal
efficiency obtaining. The heat recovery and the type of compression operation of case
4 were the cause of high equipment cost. The operation condition of case 6 was
adjusted; low heat recovery and type of compression operation. Accordingly, the
thermal efficiency of case 6 was slightly lower than case 5.

For all six case studies, the power plants were operated at a 50 MW capacity
using natural gas as the feedstock. The case studies were developed with the ASPEN
PLUS process simulation software using Peng-Robinson-Boston-Mathias for

thermodynamics properties [49]. This simulation was considered as the adiabatic
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process for obtain the highest efficiency of the system. The solid metal inventory in
the process was 700 kg/MWs, for all case studies [108]. The RGibbs reactor was used
for air and fuel reactor. The RYield was used for CO, capture reactor. RYield is
suitable to determine the conversion of each stage to consistent with experimental
data. [105-107] The minimum temperature approach of heat exchanger was 10°C. The
isentropic efficiency of compressor and turbine was 90% . The parameters related to
the case studies are presented in Table 1 for cases 1-3, and in Table 2 for cases 4-6.
The parameters in CC cases and CLC cases were shown in Table 3.3.1 and Table
3.3.2, respectively. The process description of case studies would be explained in the

following section.
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Case 1 Case 2 Case 3
CLC no no no
HAT cycle yes yes yes
Compression ratio in HAT cycles of all stages 2.466 2.466 2.466
Solid in system no Na,COs/ Al,03  Na;COs/ Al;,O3
Pressure of combustor (atm) [69] 15 15 15
Pressure of CO; capturing reactor (atm) [105] - 2 2
Temperature of CO; capturing reactor (°C) [105] - 60 60
Pressure of regeneration reactor (atm) [105] - 0.2 0.2
Temperature of regeneration reactor (°C) [105] - 60 60
Temperature of Na;COs fed into reactor (°C) [105] - 60 60
Natural gas (kg/h) 7176.02 7929.79 7496.78
Air (kg/h) 292461.10 323181.09 305533.80
Isentropic efficiency of compressor (%) 85 85 85
Isentropic efficiency of turbine (%) 90 90 90
Water in inter cooling (kg/h) 13964 13964 13971
Na,COs3 loading on Al,O3 (%wt) [105] - 17 17
Na2COs (kg/h) - 599137.40 566421.60
Al>03 (kg/h) - 2925200.52 2765470.68
CO; removal (%) 0 96.27 77.76
The mass fraction of flue gas (%)
H20 8.77 1.47 4.84
N2 71.98 83.27 79.34
07) 12.92 14.98 14.26
CO; 6.33 0.28 1.55




Table 3.3.2 Conditions of cases 4—6.

Case 4 Case 5 Case 6
CLC yes yes yes
HAT cycle no yes yes
Compression ratio in HAT cycles of the 1%,
2nd 31 stages - 1.115,1.38,9.75 2.466, 2.466, 2.466
Solid in system NiO/Al>Oz NiO/Al;Oz NiO/Al;O3
Pressure of fuel reactor (atm) [69] 15 15 15
Pressure of air reactor (atm) [69] 20 20 20
Temperature of NiO fed into reactor (°C) 1350 1350 1350
Natural gas (kg/h) 7903 6742 7061
Air (kg/h) 349985 232100 243635
Isentropic efficiency of compressor (%) 85 85 85
Isentropic efficiency of turbine (%) 90 90 90
Water in inter cooling (kg/h) no 36333 24762
NiO loading on Al;O3 (%mol) 25 25 40
Ni (kg/h) 110362 94157 98603
Al,O3 (kg/h) 575190 490731 256952
Conversion in fuel reactor (%) [109] 100 100 100
CO; removal (%) 100 100 100
The mass fraction of flue gas (%)
H20 0.00 14.96 10.28
N2 84.03 73.22 77.48
07) 15.97 11.57 12.24
CO; 0.00 0.00 0.00
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3.3.3.1. Process descriptions
HAT Cycle
In HAT cycle, air was compressed by the multi-stage compressor and was
reduced temperature by the intercooler which was between compressors. Therefore,
the fresh air was introduced into C-101, HX-101, C-102, HX-102, and C-103,
respectively, as shown in Fig. 3.3.3. Water gained the heat from the compressed air
and HX-101 and HX-102, respectively. Water and compressed air were preheated and

generated to be the humid air, before introduced to air reactor.

To combustion reactor/

. From combustion reactor/
Auir reactor

Fuel reactor

Water HX-101 HX-102 l
(H—{(H)——

e
A—’.I L.J L-J ‘ o contense

C-101 C-102 C-103

Fig. 3.3.3 Flowchart of a HAT cycle

Case 1: CC and HAT cycle without CO> capture

Case 1 was the CC and HAT cycle. The CO, capture process was not
employed in this case. The flow diagram of case 1 was shown in Fig. 3.3.4. The 3
major sections of this case were the natural gas preheating section, combustion
chamber (CB-101), and HAT cycle section. After that, the compressed air and water
were introduced to the preheating section. The discharged from turbine (TRUB-101)
was the heat source which was used to preheat natural gas, water, and air. Natural gas
was preheated before it was introduced into CB-101 for combustion. The flow chart
of natural gas preheating was shown in Fig. 3.3.5. Natural gas was preheated by high
temperature turbine discharge at HXF-101 and HXF-102, and water was preheated at
HX-201. Compressed air was preheated at HX-202. Water and compressed air were
preheated by the discharged turbine, as well. The analysis of this case will reveal the
power plant performance that was not employed CO> capture section in 3 points of

view.
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Natural gas
Natural gas Natural gas [N . [— » Water
preheating
_______ - Air

» Fluegas (CO, and H,0)

— .. —..— .p Excesshumid air

Fig. 3.3.4 Flow process of CB with a HAT cycle and CO: capture process (case 1)

HXF-102

' !' To combustion reactor
A

' ‘ i Hic-zm HX-202 |

Water from HX-102
""""""""""""""""""" ; L T
To combustion reactor

Natural gas

Ailr from C-103

________________

Fig. 3.3.5 Flow chart of natural gas preheating for case 1

Case 2: CC and HAT cycle with 96.22% CO, capture and Case 3: CC
and HAT cycle with 77.76% CO; capture.

Case 2 and case 3 were the CC with the CO> capture section. The flow chart of
cases 2 and 3 were shown in Fig. 3.3.6. There were 5 sections in these cases; natural
gas preheating, combustion (CC), HAT cycle, CO2 capture process, and condenser
(CDS). Water and air were introduced into the HAT cycle. Water was used as coolant
media in the intercooler. Air was compressed at the multi-stage compressor. They
were combined with being humid air and were introduced into the combustion
chamber (CC-101). The flue gas from CC-101 was used to preheat other sections. The
preheating section was shown in Fig. 3.3.7. Natural gas was preheated at HXF-101
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and HXF-102. Water was preheated at HX-201. Compressed air was preheated at
HXA-103. Natural gas, water and air were preheated by the discharged turbine
(TURB-101). The CO> capture efficiency process in case 2 was higher than case 3
because of the higher CO> capture reactors. There were six reactors of CO2 capture in
case 2, but 3 reactors for case 3. The CO, conversion of each reactor was to follow
Boonprsop’s study. [105-107] The CO> capture and solid regeneration of case 2 and
case 3 were shown in Fig. 3.3.8. (a) and Fig. 3.3.8. (b), respectively. The discharged
from the turbine after the preheating section was introduced into CO> capture reactors.
The flue gas, after treated by Na,COs, was sent to CYC-101 for separated the spent
solid sorbent and treated flue gas. The solid sorbent was preheated by turbine
discharge before being regenerated. The regeneration condition was followed by
Boonprasop’s study, which was shown in Table 3.3.1. The CO, and water would be
separated from sorbent and they were sent to a condenser (CDS-101) for obtained
higher purity of CO». The regenerated sorbent was further used to captured CO>. In
between CO; capture reactors, there was a heat exchanger for temperature reduction.
This approach increased CO> capture efficiency, as well. Case 2 had 6 reactors; CP-
101, CP-102, CP-103, CP-104, CP-105 and CP-106 and 3 heat exchangers; HXC-101,
HXC-102, HXC-103. Case 3 had 3 reactors; CP-101, CP-102 and CP-103, and 1 heat
exchangers; HXC-101.
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Natural gas

Natural gas
preheating

Water
Air
Flue gas (CO, and H,0)

Excess humid air

© CDS-101

Fig. 3.3.6 Flow process of conventional combustion with a HAT cycle and CO>

Natural gas

Water from HX-102..oo E

capture process (cases 2 and 3)

HXF-101 HXF-102 To combustion reactor
E | | S
A | 4 i 1
W Ve ) . 1, From HXR-102
i ; : At solid sorbent preheating
R ‘-| ;
I
P S e _.a.. L .. Jo HXR-101

I
I
HXA 103 :

From TURB-101 =~ — "~ —".' -------- '
h
L e To HXR-101
Air from C-103 = =--==---~- For solid sorbent preheating

Fig. 3.3.7 Flow chart of natural gas preheating for cases 2 and 3
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To CDS-101 for

( a) water condensation
To HXF-102 for
natural gas preheat
From HXF-101
The 6 stages for CO, capture ' |-
CP-101  CP-102  CP-103  CP-104 CP-105  CP-106 ’ :

aaaseg -

Cooling water for CO, capture
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To HXF-102 for

natural gas preheat
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From HXF-101
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From HXA-101

B Na,CO,/ALO

Cooling water

Fig. 3.3.8 Flow chart of CO- capture and regeneration process for (a) case 2 and (b)
case 3
Case 4: CLC without HAT

Case 4 was the only CLC process without a HAT cycle, as shown in Fig.
3.3.9. There were 4 main sections for this case; natural gas and compressed air
preheating, CLC, turbine (TURB-101), and condenser (CDS-101). Natural gas was
preheated by the turbine discharge. Then it was introduced into CLC. Air was
compressed and it was introduced into CLC. After combustion, the flue gas and the
excess air were used to preheat in the preheating section. After that, CO2 was
separated from water by CDS. The flow chart of the CLC process was shown in Fig.
3.3.10.
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The compressed air from HXA-103 was used to oxidized Ni in the air reactor
(AR-101), as shown in 3.3.1. The outlet from the air reactor was sent to a cyclone
(CYC-101). The excess air was sent to the turbine (TURB-102) for power production.
Natural gas was introduced into the fuel reactor (FR-101). Natural gas was oxidized
by NiO, as shown in 3.3.2. Then the outlet from FR-101 was sent to a cyclone (CYC-
102). The flue gas was used for power production at the turbine (TURB-101). The
discharges from 2 turbines were used in the preheating section.

Reaction in air reactor: Ni + 0.5 Oz = NiO + Heat (3.3.1)
Reaction in fuel reactor: CHs4 + 4 NiO + Heat & 4 Ni + CO2 + 2H,0 (3.3.2)

The flowchart of the preheating section was shown in Fig. 3.3.11. Natural gas
was preheated at HXF-101, HXF-102, HXF-103, HXF-104, and HXF-105. Air was
compressed at C-101; after that, the compressed air was preheated at HXA-101,
HXA-102, and HXA-103. The discharge from TURB-101 was used to preheat at
HXF-105, HXA-103, HXF-104, HXF-103, and HXA-101, respectively. Then it
would be introduced to CDS-101. The discharge from TURB-102 was used to preheat
at HXA-102, HXF-102, and HXF-101, respectively. This case was not employed in
the HAT cycle in the process. The thermal efficiency of this case would low, but the
equipment cost of this case was low. The economic and sustainability analysis of the
low thermal efficiency case would be illustrated in the economic and sustainability

analysis part.
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Fig. 3.3.9 Flow process of CLC without a HAT cycle for case 4
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Fig. 3.3.10 Flow chart of the CLC process (a) without a HAT cycle for case 4
and (b) for cases 4, 5, and 6
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Fig. 3.3.11 Flow chart of natural gas and compressed air preheating for case 4

Case 5: CLC with HAT cycle and high heat recovery

Case 5 was the CLC process with the HAT cycle, which was high heat
recovery. The flow chart of case 5 was shown in Fig. 3.3.12. There were four major
sections; preheating, CLC, HAT cycle, and CDS. Natural gas was preheated, then it
was introduced to CLC for heat production and CO> separation. Water and air were
introduced into the HAT cycle. Then they were preheated and were introduced into
CLC, as well. The CO: in the flue gas was separated at CDS. CLC process was the
heat production unit that inherent separated CO>. Accordingly, the thermal efficiency
of CLC would higher than CC with the CO: capture section. Besides, the operation
conditions of this case led to obtaining high thermal efficiency. The compression
operation of this case increased power production. This case was high heat recovery.
Accordingly, the heat exchanger unit in the preheating section of this case was higher
than the others. The flow chart of the preheating section was shown in Fig. 3.3.13.
Natural gas was preheated at HXF-101, HXF-102, HXF-103, and HXF-104. Then
natural gas was introduced to the fuel reactor (FR-101). The compressed air was
preheated at HXA-101. Water was preheated at HXA-102, HXA-103, HXA-104,



73

HXA-105, and HXA-106 After that, water was dissolved in dry air which it became
humid air at mixer. The humid air was preheated at HXA-107, and HXA-108. Humid
air was introduced to air reactor (AR-101). The discharged from TURB-101 was used
to preheated at HXF-105, HXA-108, HXF-104 HXF-103, and HXA-101. The
discharged from TUR-102 was used to preheated at HXA-107, HXA-106, HXF-102,
HXA-105, HXA-104, HXA-103, HXA-102, and HXF-101. This case was designed to
obtain the highest thermal efficiency. The economic and sustainability analysis of this

cases was explained in other section.

Natural gas
Natural gas,
Natural gas . 835, D E—— » Water
air and water
preheating Cammeaammmmnia—— ki & Air

» Flue gas (CO, and H,0)

A — '+ — .. — . Excess humid air

‘cDs-101

Water

--------- >

Air

Water
Fig. 3.3.12 Flow chart of CLC with HAT for cases 5 and 6
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From C-103 To AR-101

From HX-102

Fig. 3.3.13 Flow chart of natural gas, air and water preheating for case 5
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Case 6: CLC with HAT cycle and low heat recovery

Case 6 was the CLC process with the HAT cycle, which was low heat
recovery. The flow chart of this was shown in Fig. 3.3.12. There were four major
sections, like case 5, preheating, CLC, HAT cycle, and CDS. The differences between
this case and case 5 were the compression operation and the configuration in the
preheating unit. The pressure ratio of all stages of this case was equal. The
compressor ratio of this case was lower than others, which led to the smaller size of
compressors. The preheating section of this case was shown in Fig. 3.3.14. Natural
gas was preheated at HXF-101, HXF-102- HXF-103, and HXF-104. The compressed
air was preheated at HXA-101. Water was preheated at HXA-102 and HXA-103.
After that, the humid air was preheated at HXA-104 and HXA-105. The discharged
from turbines were used to preheated in the preheating section. The discharged from
TUR-101 were used to preheated at HXF-104, HXA-105, HXF-103 and HXA-101,
respectively. The discharged from TUR-102 was used to preheated at HXA-104,
HXF-102, HXA-102, and HXF-101.

The heat exchanger units of case 6 were lower than case 5. Therefore, the
equipment and total capital cost of case 6 were lower than case 5. The other difference
between case 5 and case 6 was the Ni loading in the system. The loadings were 16%
and 28%, respectively. The ratio between natural gas and Ni was equal. This increase
in Ni loading affected the mass flow rate of Al>Os only. When high Ni loading, the
mass flow rate of Al,Oz was low; on the other hand, the Al>Os in case 6 was lower
than case 5 and the total solid mass flow rate of case 6 was lower than case 5, as well.
Solid in the process was utilized in oxygen carrier duty and heat source duty. When
the low solid mass flow rate co, the temperature of the fuel reactor was too low, which
it deserved the external heat when the low solid mass flow rate. The external heat was
the reason for the low thermal efficiency. However, the suitable solid mass flow rate
led to adequate heat for the fuel reactor. The lower solid mass flow rate of case 6 led
to the high temperature of the air reactor and fuel reactor. This operation would affect

thermal efficiency, economy and sustainability, as well.
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Fig. 3.3.14 Flow chart of natural gas, air and water preheating for case 6

3.3.4. Analysis tools
3.3.4.1. Thermal efficiency analysis
Thermal efficiency is calculated from the ratio of net power production
divided by the lower heating value of fuel. The net power production was the total
power production which subtracted by the power consumption of compression. High

efficiency leads to the fuel utilization with efficiency.

Thermal ef ficiency (%) = PAR+;;§ Pe=PP % 100 (3.3.1)

Note that;

Par = power production from air reactor (kW)

Prr = power production from fuel reactor (kW)

Pc = power consumption from air compressors (kW)
Pp = power consumption from pump (kW)

LHV =lower heating value (kW)

NG = natural gas

3.3.4.2. Economic analysis
The economic analysis indicated the profit of the case study and the
competition in economic. The comparison types of CLC work in the previous study

were only thermal efficiency and economic analysis. Therefore, it was convenient for
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comparing the result of other CLC work with this analysis. The economic result was a
preliminary result for deciding on investment by considering the IRR and payback
period. Many studies investigated the economic analysis of the CLC process. The
chemical looping with the air separation process for oxy-fuel combustion was
conducted in the economic analysis by Shi et al. [110]. It was 500 MW power
production capacity. However, the 50 MW (thermal) power production was
investigated by Olaleye and Wang. [69]

In this study, the total capital investment and operating costs were estimated
based on these following assumptions.

1) The power plant capacity was 50 MW.

2) Lifetime of the plant was 30 years.

3) Tax rate was 20%.

4) Plant salvage value was estimated from 20% of fixed capital investment
(FCI).

5) The plant was operated at full capacity (8760 hrs./year). 6) The chemical
engineering plant index (CEPCI) was 558.5 (January, 2017). [111]

Aspen Plus software and manufacturing cost would be estimated the
equipment cost. The other unit operation that was not estimated by Aspen plus
software was estimated as followed Turton et al. [96]. Fixed capital investment (FCI)
composes of direct cost and indirect cost. The summation of FCI and working capital
(WC) is total capital investment (TCI) as shown in Eq. 5.2. Working capital (WC)
was 15% of FCI.

TCI = FCI + WC (3.3.2)

The payback period is the time (years) that the investment reaches the
breakeven point. The point that total income equal to total cost is the breakeven point.
The other indicator in economic analysis for comparison is the internal rate of
return (IRR). The IRR is the rate that is calculated when the net present value (NPV)
was zero value, as shown in Eg. 5.3. It is the return of investment, which was
calculated from the beginning to the last year of the plant operation. The high profit of

the project led to high IRR, which is more competitive for investment, as well.
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M
z P — NPV =0 (3.3.3)

n=o (IHIRR)™

Note that

CF = cash flow

n = each period

M = the end of plant operation
IRR = internal rate of return
NPV = net present value

3.3.4.3. Carbon tax calculation [112]
The cost of CO2 emission was included with the cost of the expenses. This
cost would be counted in analysis for environmental impact. The carbon tax must be

paid when CO> was released to the environment, as shown in Eq. 5.4.

The cost of CO, emission ($) = mass flow rate of CO2 (metric ton/y) x 49 ($/metric
ton) [112] (3.3.4)

3.4.4.4. Sustainability evaluation

The sustainability evaluation has been proposed by Odum [62], which is an
emergy analysis. The emergy is “the available energy of one kind previously used up
directly and indirectly to make a product or service.” Every material, energy,
monetary, and manpower are counted in this analysis, which will transform into the
same unit. The transformity or unit emergy value (UEV) was used to convert all
stream into emergy flow (sej/Y). This analysis result would reveal both economic and
environmental impact. The emergy indices including of; unit emergy value (UEV),
environmental loading ratio (ELR), emergy vyield ratio (EYR), and emergy

sustainability index (ESI).

3.3.4.4.1. UEV, Unit emergy values

UEVs = Total Emergy flow (3.3.5)

Energy flow, Products flow, Service
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UEV is a transforming factor calculated from the ratio between the total
emergy and energy flow product and service, as shown in Eq. 3.3.5. In a good case,
UEV is low. The low UEV indicates the low total emergy flow for producing one unit
of product. [62] This transformity makes the difference between economic and
emergy analysis. Economics takes everything into account by the price, which is
indicated by the human need. However, the emergy flow indicates all the solar energy
used to produce the products, energy or service. Accordingly, the emergy analysis
will represent a more reasonable result than economic. In addition, the UEV is used to
transform all of the energy streams into one form of solar energy (sej).

3.3.4.4.2. ELR, Environmental loading ratio
ELR is the environmental loading ratio, representing the loading of the process
to the environment, as shown in Eq. 3.3.6. In a good case, ELR should low. When
ELR is close to 2, it is low environmental loading. When ELR between 3-10, it is a
moderate level of environmental loading. Finally, when ELR is more than 10, the

environmental loading is high level [63].

N+F

Note that

N = local non- renewable resource; natural gas.

R= local renewable resource; water, air.

F = expense cost, external goods, Ni, Na.COs, Al>Os, equipment, labor cost.

3.3.4.4.3. EYR, Emergy yield ratio
EYR is emergy yield ratio which it indicates competitive ability in the
economic and the stability of the process. EYR is calculated from the total emergy
flow divided by the emergy of expense goods (F), as shown in Eq. 3.3.7. In the good
case, EYR is high. The reason for high EYR is low F. It represents that the process
hardly relies on external resources. When the process relies on the internal resource,
the process will provide high stability, which is a highly competitive ability in the

economy. In the good case, EYR is high, but, in the worst case, EYR is equal to 1.
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Moreover, when EYR is lower than 2, it indicates that the process is not suitable to be
an energy source by the study of Ulgiati and Brown. [29]

Total emer R+N+F
EYR = 9y _ (3.3.7)
External resources F+L

3.3.4.4.4. ESI, Emergy sustainability index
ESI is emergy sustainability index that indicates the sustainability of the
process. It is calculated from the ratio of EYR to ELR, as shown in Eq. 3.3.8. It is the
ratio of profit to the loading of the environment. When ESI is lower than 1, the
process is not long-term sustainability. When ESI is lower than 1, the process is not
long-term sustainable. When ESI is 1-5, the process is medium sustainability. Finally,

when ESI is higher than 5, the process is long-term sustainable

EsI =22% (5.8)

ELR
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Chapter 4
Investigation of parameters of the HAT cycle in CLC for power production.

4.1 Research gaps

The limitation of previous studies of the CLC study is the investigation of
each parameter individually. However, the synergistic effects among parameters in
the system were not considered. In this study, the 3% factorial design is used for
solving this problem and systematically indicating their interaction. In this study, four
independent input variables, which were the pressure of air reactor, number stages of
air compressors, methods of air compression, and airflow rate on the lower heating
value ( LHV) efficiency or thermal efficiency, were studied. There are also four
responses to be observed, which consist of thermal efficiency, power production from
air reactor, work of air compressors, and air compressor discharge temperature. The
HAT cycle included the multi-stage compressor, heat exchanger for intercooler
between compressors and turbines. Accordingly, the operation of the HAT cycle is
directly relating to the work consumed by all compressors and the work produced by
the turbines. The 3% factorial experimental result can reveal the effects and the
curvature interactions of operating parameters, which leads to high thermal efficiency.
The advantages of this study are obtaining the operating condition for the highest

thermal efficiency of CLC with the HAT cycle process.

4.2 Objective
To study the effects of HAT operation conditions on power production with

the chemical looping combustion process.

4.3 Results and discussion

This investigation aimed to identify the operating condition that reaches the
highest thermal efficiency of CLC with the HAT cycle system. The 3X factorial
experimental design was selected for investigation. There were 81 cases in total to be
simulated and evaluated the outputs. The values of these four input variables which
were used in the study were shown in Table 4.1. Furthermore, the detail of each case

study was shown in Table 4.2.



Table 4.1 The values of four parameters conducted in 3* factorial experiment.

81

Variable Name Units Low value | Middle value | High value
A Pressure of air reactor atm 5 10 15
B Number of compressors Number 3 5 7
C Air compression method - Method 1 Method 2 Method 3
D Air flow rate kmol/hr 58000 59500 61000
Table 4.2 Results of 3* factorial design
Variables Responses
Power Temperature
cse | A | B | | D | ey | Pidn ) wokel | duareo
reactor compressor
No. atm | Number | Ratio kmol/hr % MW MW °C
1 5 3 Method 1 | 58000 48188 347113 92700 136.34
2 10 3 Method 1 | 58000 52726 433031 147807 20745
3 15 3 Method 1 | 58000 52512 467154 183.376 207.46
4 5 5 Method 1 | 58000 48219 347073 92449 136.08
5 10 5 Method 1 | 58000 52.754 432978 147560 207.45
6 15 5 Method 1 | 58000 52621 467.149 182636 20744
7 5 7 Method 1 | 58000 48226 347067 92.399 136.03
8 10 7 Method 1 | 58000 52758 432957 147511 207.45
9 15 7 Method 1 | 58000 52642 467.149 182491 207.45
10 5 3 Method 2 | 58000 48.747 349.223 91.018 161.52
11 10 3 Method 2 | 58000 53.962 436.384 142763 24762
12 15 3 Method 2 | 58000 55.225 479.925 177.726 306.47
13 5 5 Method 2 | 58000 48695 347893 90.041 14705
14 10 5 Method 2 | 58000 53.866 433817 140.852 226.67
15 15 5 Method 2 | 58000 55.142 476.607 174975 279.14
16 5 7 Method 2 | 58000 48672 347324 89.626 140.85
17 10 7 Method 2 | 58000 53.822 432.712 140.046 21762
18 15 7 Method 2 | 58000 55324 475840 172972 25264
19 5 3 Method 3 | 58000 48930 353.106 93659 20424
20 10 3 Method 3 | 58000 54.305 445207 149263 320.25
21 15 3 Method 3 | 58000 55.655 492.339 187228 39718
22 5 5 Method 3 | 58000 48962 353.063 93.398 203.92
23 10 5 Method 3 | 58000 54335 445151 148999 319.89
24 15 5 Method 3 | 58000 55.684 492270 186.957 396.80
25 5 7 Method 3 | 58000 48968 353053 93.346 203.86
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Variables Responses
Power Temperature
Gue | A | 8 | c | D |cficeny Prodcton| woro | dicharseo
reactor compressor
No. atm | Number | Ratio | kmolhr % MW MW °C
26 10 7 Method 3 | 58000 54341 445137 148947 319.82
27 15 7 Method 3 | 58000 55.690 492258 186.905 396.73
28 5 3 Method 1 | 59500 48526 351.919 95214 13854
29 10 3 Method 1 | 59500 52814 437663 151.839 20744
30 15 3 Method 1 | 59500 51.703 466.391 188.107 207.46
31 5 5 Method 1 | 59500 48557 351.884 94.965 13829
32 10 5 Method 1 | 59500 52.850 437.664 151596 20745
33 15 5 Method 1 | 59500 51814 466.385 187.348 20744
34 5 7 Method 1 | 59500 48564 351.878 94914 138.24
35 10 7 Method 1 | 59500 52.861 437.660 151515 207.46
36 15 7 Method 1 | 59500 51.835 466.383 187.199 20745
37 5 3 Method 2 | 59500 49114 354.238 93541 163.09
38 10 3 Method 2 | 59500 54207 442242 146961 25092
39 15 3 Method 2 | 59500 45.388 424.686 190.374 34493
40 5 5 Method 2 | 59500 49055 352874 92575 14894
41 10 5 Method 2 | 59500 54140 439912 145081 23047
42 15 5 Method 2 | 59500 54944 480521 180.229 279.15
43 5 7 Method 2 | 59500 49029 352.288 92165 14288
44 10 7 Method 2 | 59500 54.081 438.735 144304 221.72
45 15 7 Method 2 | 59500 54.360 475216 178889 25264
46 5 3 Method 3 | 59500 49312 358.207 96.164 204.81
47 10 3 Method 3 | 59500 54598 451246 153307 32108
48 15 3 Method 3 | 59500 55.766 498.220 192.349 398.26
49 5 5 Method 3 | 59500 49344 358164 95.905 20450
50 10 5 Method 3 | 59500 54628 451185 153.045 320.72
51 15 5 Method 3 | 59500 55.792 498.133 192.085 397.89
52 5 7 Method 3 | 59500 49350 358154 95.853 20443
53 10 7 Method 3 | 59500 54634 451172 152993 320.65
54 15 7 Method 3 | 59500 55.798 498112 192029 39781
55 5 3 Method 1 | 61000 48798 356.302 97.745 14094
56 10 3 Method 1 | 61000 52.040 436.634 156.060 20744
57 15 3 Method 1 | 61000 50.899 465.667 192838 207.46
58 5 5 Method 1 | 61000 48829 356.265 97.498 140.69
59 10 5 Method 1 | 61000 52094 436.630 155.692 207.45
60 15 5 Method 1 | 61000 51013 465.660 192059 20744
61 5 7 Method 1 | 61000 483833 356.239 97448 140.65
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Variables Responses
Power Temperature
Gue | A | 8 | c | D |cficeny Prodcton| woro | dicharseo
reactor compressor
No. atm | Number | Ratio | kmolhr % MW MW °C
62 10 7 Method 1 | 61000 52.108 436.632 155597 207.46
63 15 7 Method 1 | 61000 51.036 465.663 191907 207.45
64 5 3 Method 2 | 61000 49318 358.200 96.114 165.02
65 10 3 Method 2 | 61000 54.070 445741 151.388 25553
66 15 3 Method 2 | 61000 54763 488.189 189129 318.66
67 5 5 Method 2 | 61000 49276 356.961 95161 15120
68 10 5 Method 2 | 61000 53.809 442315 149.730 236.75
69 15 5 Method 2 | 61000 54.029 480.001 185925 279.15
70 5 7 Method 2 | 61000 49255 356.415 94.756 14527
71 10 7 Method 2 | 61000 53.677 440.742 149057 22874
72 15 7 Method 2 | 61000 53.375 474615 184974 25263
73 5 3 Method 3 | 61000 49478 361870 98.701 20555
74 10 3 Method 3 | 61000 54824 456.845 157371 321.96
75 15 3 Method 3 | 61000 55843 503.882 197.490 399.36
76 5 5 Method 3 | 61000 49508 361822 98.445 20524
77 10 5 Method 3 | 61000 54851 456.775 157116 321.62
78 15 5 Method 3 | 61000 55.869 503.803 197233 399.01
79 5 7 Method 3 | 61000 49515 361814 98.393 20518
80 10 7 Method 3 | 61000 54.860 456.780 157.064 32155
81 15 7 Method 3 | 61000 55.875 503.791 197179 398.93

In this study, the four individual input parameters have investigated the effect

on the four responses. The four parameters were the pressure of the air reactor, the

number of air compressor stages, method of air compression, and airflow rate. The

four responses were thermal efficiency consist of thermal efficiency, power

production from air reactor, work of air compressors, and air compressor discharge

temperature. All of the parameters were systematically conducted to express the

relation of all operations in the system. In Table 4.2, the highest thermal efficiency
was case 81, which obtained 55.87% of thermal efficiency and 503.88 MW of power

production. Case 16 had a minimum of compressor workload, but there was only
48.67% thermal efficiency.
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Furthermore, the operation to achieve the low-temperature air compressor
outlet led to low compressor work, but there was 48.23% thermal efficiency. The
analysis from this study would express the relation of operation that represents a good
understanding of CLC with the HAT cycle system, which it was not straightforward
to choose the operating conditions. The effect of the parameters on the responses

which was expressed in the next section.

4.3.1 The effect of operating parameters on the thermal efficiency

The high thermal efficiency indicated the high worthiness of the fuel used for
power production. The result of variance analysis (ANOVA) indicated that A, C, and
AC had affected thermal efficiency since their p-values were lower than 0.05, as
shown in Table 4.3. The pressure of air compressor (A), compression method (C) and
the interaction between the pressure of air compressor and compression method (AC)
had an impact on thermal efficiency. The simulation showed that the pressure of air
compressor (A) and compression method (C) significantly affected thermal efficiency
shown by the high slope, as shown in Fig. 4.1. Nevertheless, the number of
compressors (B) and airflow rate (D) had less impact on thermal efficiency in this
range, as shown in Table 4.1. Case 81 achieved the maximum thermal efficiency of
55.875% at 15 atm, 7 stages, method 3, and 61000 kmol/hr. Case 39 obtained the
minimum thermal efficiency of 45.388% at 15 atm, 3 stages, method 2, and 59,500
kg/hr. The case studies that obtained thermal efficiency higher than 55% were case
numbers 21, 24, 27, 48, 51, 54, 75, 78 and 81. These cases operated at 15 atm of
pressure and compression method 3, but the number of compressors and airflow rates
differed.

Case 75 shows an interesting result. Its thermal efficiency was slightly lower
than case 81, with a value of 55.84%. The difference between case 75 and case 81
was the number of air compressor stages in which there were 3 and 7 stages,
respectively. The increase of the stage of air compressor led to the increased unit of an
intercooler between compressor stages. However, the increase up to 7 stages to gain
0.03% higher in thermal efficiency was not worthwhile for investment. The operation
condition of the cases 75 and 81 were 15 atm of air reactor pressure, method 3 of air

compression, and 61,000 kmol/hr of airflow.



Table 4.3 The ANOVA for the thermal efficiency
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Sum of Mean |F p-value
Variables & Interaction Squares df Square | Value Prob > F
A-Pressure of air reactor | 411.15 2 20557 | 17725 | <0.0001 significant
B-Number of compressors | 1.76 2 0.88 0.76 04741
C-Compression method 6891 2 3445 2971 < 0.0001 significant
D-Air flow rate 117 2 0.59 051 0.6059
AB 387 4 097 083 05103
AC 2501 4 6.25 539 0.0011 significant
AD 10.38 4 259 224 0.0788
BC 253 4 0.63 054 0.7038
BD 492 4 123 1.06 0.3859
cD 6.32 4 158 1.36 0.2607
Residual 5567 48 116
Cor Total 59168 80

The thermal efficiency was calculated from the net power production divided
by the lower heating efficiency of fuel. In this case, the natural gas was the fuel, as

shown in Eq. 4.1.

Thermal ef ficiency (%) =

Power production from AR and FR(kW)—Work ofcompressor (kW)—Work of water pump (kW) %

Lower heating value of fuel (kW)

100 (4.2)

The effect of air reactor pressure and compression method for air compressors
on thermal efficiency is shown in Fig. 4.2. Method 3 reached the highest thermal
efficiency, followed by method 2 and method 1, respectively. In method 3, the
compression ratio of the last compressor stage was higher than the others. It led to the
highest temperature of the outlet stream. After this stream was preheated, it was
introduced to the air reactor, which led to increased air reactor temperature. The outlet
of the air reactor would be finally sent to produce power at the turbine. Accordingly,
the increase in air compressor pressure would be why the increase in power

production and thermal efficiency, as shown in Table 4.4. On the other hand, the
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compression ratio at the last stage in method 1 was the lowest. The temperature of
compressor discharge would be the lowest. It was the reason for low power
production and low thermal efficiency. The compression ratio of method 2 was lower
than method 3 but higher than method 1. Accordingly, method 3 requires the highest
work, method 2 require the least work and method 1 is in the middle of the two
methods. For method 2 and method 3, the increase of air reactor pressure from 5 to 15
atm increased thermal efficiency. In method 1, the increased pressure from 5 to 10
atm would increase thermal efficiency, but thermal efficiency decreased when
pressure was increased to 15 atm. Simultaneously, the increase in temperature
discharge would increase the water flow rate into the system. However, the increase
of pressure led to a decrease in water flow rate. Method 3 brought about the highest
temperature discharge of the air compressor. Subsequently, the water was fed into the
system more than other methods. At the same method, the increase of pressure was
higher thermal efficiency than the increase in temperature. The pressure discharge of
the turbine was 1 atm. When the pressure inlet increase, the temperature discharge
from the turbine would decrease. Because the outlet stream from the turbine was used
to preheat other streams, the decrease in temperature discharge from the turbine
would decrease the total heat recovery. Water would be fed lower into the system, as
shown in Table 4.4. Thereby, the increase in pressure would decrease the water flow

rate of the system.

Table 4.4 The temperature discharge of air compressor, water flow rate and

temperature discharge of air turbine.

Case | Pressure | Method of air Temperature Water Temperature
@tm compressor | discharge of air | flow rate | discharge of air

compressor (°C) kg/hr) turbine (°C)
61 5 Method 1 140.65 348,850.44 97106
62 10 Method 1 207.46 247,829.04 805.16
63 15 Method 1 207.45 185,210.46 71538
70 5 Method 2 14527 349,489.62 971.10
71 10 Method 2 22874 258,838.56 806.16
72 15 Method 2 25263 206,281.26 71766
79 5 Method 3 205.18 369,025.38 972.35
80 10 Method 3 32155 301,811.22 809.92
81 15 Method 3 39893 275,01858 72450
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Fig. 4.1 The effect of main operating parameters on thermal efficiency.
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Fig. 4.2 The effect of pressure of air reactor and air compression method on thermal

efficiency.

4.3.2 The effect of operating parameters on the power production from air
reactor
The increase in power production would increase thermal efficiency, as shown

in the thermal efficiency equation. In this study, the air reactor's power production
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was focused because it produced high power production than the fuel reactor's power
production. The power production from the air reactor was 503.88 — 347.07 MW, but
that from the fuel reactor was 77.8 MW. In this study, the power production from the
air reactor was selected as a response. The four input parameters were exactly affected
by power production from the air reactor. The power production from the fuel reactor
was not significantly affected, as shown in table 4.2.

The variance analysis in Table 4.5 indicated that pressure of air reactor (A),
compression method (C), airflow rate (D), and the interaction between the pressure of
air reactor and compression method (AC) affected the response parameter since their
p-values were lower than 0.005. Case 75 achieved the maximum power production at
15 atm, 3 stages, method 3, and 61,000 kmol/hr. On the other hand, case 7 achieved
the minimum power production at 5 atm, 7 stages, method 1, and 58,000 kmol/hr.
Even though case 75 was the maximum power production, it was not the highest
thermal efficiency. However, case 75 reached the 2" highest thermal efficiency,
which inferior to case 81. The increase of air reactor pressure highly affected power
production because the slope was higher than the other, as shown in Fig. 4.3. The
increase in airflow rate increased power production. Method 3 produced power more

than the other methods, as shown in Fig. 4.4.

Table 4.5 The ANOVA for the power production from the air reactor

Sum of Mean F p-value
Variables & Interaction Squares df | Square Value Prob > F
A-Pressure of air reactor 22262311 | 2 11131155 256226 < 0.0001 significant
B-Number of compressors 1824 2 912 021 08114
C-Compression method 4684.68 2 234234 5392 < 0.0001 significant
D-Air flow rate 72832 2 364.16 838 0.0008 significant
AB 109.03 4 2726 063 06453
AC 170531 4 426.33 981 < 00001 significant
AD 269.65 4 6741 155 02024
BC 39.02 4 975 022 09234
BD 187.98 4 46.99 108 03761
CD 26714 4 66.79 154 0.2064
Residual 2085.25 48 | 4344
Cor Total 23271772 | 80
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Fig. 4.3 The effect of main operating parameters on power production from the air

reactor.
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Fig. 4.5 The effect of pressure of air reactor and air compression method on
temperature discharge of turbine (TURB-101).

For all air compression methods, the air reactor's pressure was increased the
power production from the air reactor. Especially for the combination of the method
of air compression and the pressure level, the combination between method 3 and the
high-pressure level provided the highest power production of all combinations, as
shown in Fig. 4.4. Besides, this combination brought about the highest temperature
discharge from the turbine (TUR-101), as shown in Fig. 4.5. The operation of method
3 was the reason for the highest temperature of air compressor discharge obtained.

The sequence of compression ratio was different in each method of air
compression operation. Table 4.6 shows the compression ratio in each stage for all
compression methods. The high compression ratio led to the high temperature and
pressure discharge of the compressor, which provided the high work consumption of
the air compressor. There was an intercooler for transfer heat from the compressed air
to the cooling water. The compression ratio of method 1 was highest in the first stage.
Therefore, the majority of heat in the air compression process was released into the
cooling water. While the compression ratio of method 3 was highest at the last stage,
the discharge temperature of method 3 was higher than case 1. This reason provided
the air reactor's higher temperature, which led to high power production when method

3 was selected for operation.



Table 4.6 The compression ratio for 5 stages at the highest level (20 atm)

Stage 1

Stage 2

Stage 3

Stage 4

Stage 5

Method 1

13.00

1.114

1.114

1.114

1.114

Method 2

1.821

1.821

1.821

1.821

1.821

Method 3

1.114

1.114

1.114

1.114
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Fig. 4.6 The effect of air flow rate on the power production from the air reactor.

The high temperature discharge from the air compressor would increase the air

reactor's temperature and reactor.

increase power production from the air
Accordingly, the synergistic effect from the high-pressure level and the suitable
compression method was the reason for the high-power production. The increase of
the air flow rate into the system increased power production from the air reactor
because it increased working fluid into the turbine, as shown in Fig. 4.6. The turbine's
power production was affected by the pressure and temperature of the introduced
stream to the turbine. The increase in power production resulted from the high
pressure, high temperature, and high mass flow rate of the introduced stream to the
turbine.

On the other hand, the combination of Method 1 and the lowest level of air

reactor pressure provided the low power production from the turbine. The suitable
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operation of pressure level, compression method, and the airflow rate caused the high
mass flow rate of water. Water would be introduced into the system as much as the
fuel reactor's temperature was not lower than 1,350°C, as shown in Table 4. 4.
Accordingly, the suitable condition led to an increase in the working fluid of the
turbine in which air and water were the working fluid in this system.

The decrease in water flow rate would directly affect power production, as
shown in Table 4.7. For dissection, there were 4 additional cases simulated. The water
flow rate of those cases was decreased to 90%, 80% and 70% from case 81. The 30
MW of power production decreased when the water flow rate was decreased. The
thermal efficiency also decreased from 55.875% to 51.036% as well. Nevertheless,
the compressor's work slightly increased because the water was used in cooling down
the compressed air. The decrease in water flow rate led to increased compressed air

temperature and the workload of the compressor.

Table 4.7 The effect of water fed to air reactor and turbine on the power production

and efficiency of the system

% Water flow rate | Water flow rate | Power production from Thermal Work of
of case 81 (kg/hr) air reactor (MW) efficiency (%) | compressor (MW)
100% 275,252 503.79 55.875 197.18
90% 247,726 493.33 54.29 197.67
80% 220,201 482.71 52.673 198.2
70% 192,676 472.01 51.036 198.79

4.3.3 The effect of operating parameters on the work consumption of
COMpIressors
The decrease in compressor's work would increase thermal efficiency. The
HAT cycle was applied to the system to decrease the work consumption of the
compressors. All of the parameters that were investigated in this study completely
affected to workload of the compressor. The work of compressor highly consumed
power which was about 25.8 - 44.8% of total power production, as shown in Table
4.6. Accordingly, studied the effect of compressor's work was significant for
investigation. The variance analysis in Table 4.8 indicated that pressure of air reactor

(A), a number of the compressors (B), compression method (C), the air flow rate (D),
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the interaction between the pressure of air reactor and compression method (AC), the
interaction between pressure of air reactor and the air flow rate ( AD), and the
interaction between a number of the compressors and compression method (BC) had

impacts on the compressor's work, since their p-values were lower than 0.005.

Table 4.8 The ANOVA for the work of the compressor

Sum of Mean F p-value

Variables & Interaction Squares Df Square Value Prob > F
A-Pressure of air reactor 11713838 | 2 58569.19 65440.75 < 00001 significant
B-Number of compressors | 32.15 2 16.07 1796 < 00001 significant
C-Compression method 70213 2 351.07 39225 < 00001 significant
D-Air flow rate 85221 2 426.10 476.10 < 00001 significant
AB 1156 4 289 323 0.02
AC 13179 4 3295 36.81 < 00001 significant
AD 67.30 4 16.82 18.80 < 00001 significant
BC 3260 4 815 911 < 00001 significant
BD 257 4 064 072 0.5836
CD 390 4 097 1.09 0.3729

Residual 42.96 48 0.89

Cor Total 119017.55 | go

The increase in air reactor pressure highly increased the compressor's work, as
shown by the high slope of response curves in Fig. 4.7. The increase in the airflow
rate increased the work of the compressor. Method 2 of compression operation
brought about the lowest compressor's work, but Method 1 and Method 3 reached the
higher work consumption of air compressors. The heat releasing from compressed air
in method 2 was better than other methods because the heat was evenly released from
each compressor. The heat releasing from compressed air by other methods was lower
than method 2. The reduction of compressed air temperature within multi-stage
compressors decreased their work, which method 2 provided this suitable operation
for the compressor. In case 16, method 2 was operated and achieved the minimum
work requirement, as shown in Fig. 4.8. The lowest workload of the compressor was
achieved from the minimum airflow rate, but it led to lower power production and
low system efficiency.

Method 3 operated with the highest compressor work, as shown in

Fig. 4.8 — 4.9. The highest workload of the compressor brought about the




94

high temperature outlet from the air compressor. Then, the high temperature stream
was introduced into the air reactor and increased the air reactor's temperature, power
production, and thermal efficiency.

The increase in the number of compressors decreased the work of
compressors, as shown in Fig. 4.9. The 7 stages of compressor obtained the lowest
compressors' work while the 3 stages of compressor obtained the highest compressors'
work. Accordingly, the increase of stages of the compressor decreased the work of the
compressor. The increase in compression stages highly affected only method 2, as
shown in Fig. 4.9. Even the increase of the compression stage did not highly affect the
power of the compressor; the single-stage compressor consumed the highest work, as
shown in Fig. 4.10. The increase of compressor stages highly affected the power of
the compressor at a high-pressure level. The increase of the air flow rate and pressure
of the air reactor would increase the work of compressors. The high air flow rate and
the air reactor's high pressure would increase the work of the compressor. On the
other hand, the low air flow rate and the air reactor's low pressure decreased the work
of compressors, as shown in Fig. 4.11. The best case for operating the compressor
would likely be with a lower power requirement. Case 16 showed the minimum
compressor work, 89.636 MW, operated at 5 atm, 7 stages, method 2, and 58,000
kmol/hr. Case 75 showed the maximum compressor work, 197.490 MW, operated at
15 atm, 3 stages, method 3, and 61,000 kmol/hr. The thermal efficiency of case 16
was 48.672%, but that of case 75 was 55.843%. The work of compressor and thermal
efficiency in case 81 was 197.179 MW, and 55.875% . The compressor work in case
81 and case 75 were 2 times higher than case 16. Thus, the operating conditions
which low compression consumption did not enough to achieve the high system

efficiency.
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Fig. 4.11 The effect of air reactor pressure and air flow rates on the compressor work.

4.3.4 The effect of operating parameters on the discharge temperature of
air compressor

The effect of temperature discharge of air compressors on power production
was barely investigated in the CLC system. This parameter directly affected power
production and thermal efficiency, as well. The high discharge temperature of the air
compressor increased the air reactor temperature. The outlet stream from the air
reactor would be sent into the turbine for power production after it was preheated. The
high temperature inlet to the turbine would increase the power production and thermal
efficiency of the system. Accordingly, this parameter was a significant parameter to
achieve high thermal efficiency. The variance analysis in Table 4.9 indicated that the
parameters affected the discharge temperature of the air compressor. These
parameters were air reactor pressure ( A) , the number of compressors ( B) ,
compression method (C), the interaction between air reactor pressure and the number
of the compressors (AB), the interaction between air reactor pressure and compression
method ( AC) , and the interaction between the number of compressors and

compression method (BC).



Table 4.9 The ANOVA for the discharge temperature of the air compressors
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Sum of Mean F p-value

Source Squares Df | Square Value Prob > F
A-Pressure of air reactor 24484752 2 12242376 278798 < 00001 significant
B-Number of compressors | 2526.75 2 126337 2877 < 00001 significant
C-Compression method 21435374 2 107176.87 2440.76 < 00001 significant
D-Air flow rate 146.45 2 7323 167 01994
AB 73577 4 18394 419 0.0055 significant
AC 35894.44 4 897361 204.36 < 00001 significant
AD 66.41 4 16.60 0.38 0.8232
BC 4856.17 4 121404 2765 < 00001 significant
BD 56.83 4 1421 032 0.8608
CcD 96.25 4 24.06 055 0.7013

Residual 2107.74 48 | 4391

Cor Total 505688.07 80
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Fig. 4.12 The effect of the main operating parameters on the discharge temperature of

the air compressor.

The increase of air reactor pressure extremely increased the air compressor's

discharge temperature, as shown in Fig. 4.12. The decrease in the number of

compressors highly decreased the air compressor's discharge temperature because it

was high slope also. The increase of the number of air compressors would increase

the units of inter-cooler that were installed between stages of compressors. The high
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units of inter-cooler led to high heat releasing from the compressed air. The discharge
temperature would be decreased. The effect of the number of compressors on
temperature discharge from air compressors highly affected method 2 of compression
operation, as shown in Fig. 4.13. Method 3 was the best compression operation to
reach the highest discharge temperature, as shown in Fig. 4.13. The increase in the
number of air compressors in method 1 and method 3 did not affect discharge
temperature. The high heat source in method 1 and method 2 were the first and the
last compressors. Accordingly, the heat in the system operated with method 1 and
method 3 was not well transfer. The increase in the number of compressors highly
affects at a high-pressure level, as shown in Fig. 4.14. The compressor operation
highly affected the air compressor's discharge temperature, as shown in Fig. 4.12.
Furthermore, the compression method in method 3 at high pressure achieved the
highest temperature discharge, as shown in Fig. 4.15. The combination of method 1
for compression operation with low-pressure level obtained the lowest temperature
discharge.

Case 75 obtained the highest discharge temperature of air compressor,
399.36°C at 15 atm, 3 stages, method 3, and 61,000 kmol/hr. On the other hand, case
7 obtained the lowest discharge temperature of air compressor, 136.03°C at 5 atm,
7 stages, method 1, and 61,000 kmol/hr. For these two cases, there was a trend of
discharge temperature and power production. In case 75, the highest discharge
temperature led to the highest power production. On the other hand, the lowest
discharge temperature, case 7, led to the lowest power production case. From this
analysis, the operation condition for obtaining the high temperature discharge was

also selected for high power production achievement.
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Fig. 4.15 The effect of air reactor pressure and compression ratio method on the
discharge temperature of the air compressor.

4.4 Further efficiency improvement

The proportion of Ni loading was investigated because it affected the
temperature of the air reactor which influenced to the power production from the air
reactor and thermal efficiency, in the end. The loading of Ni on the Al>Oz supporter
was investigated in various studies. As the study of Huijun et al., the reason for the
high conversion of carbon was the increase of % Ni loading [113]. In the study of
Huijun et al. and Ishida et al., the high NiO loading on Al>O3 achieved the maximum
conversion of carbon and syngas in the biomass combustion process [113, 114]. The
50% of NiO loading on Al;Oz reached the highest conversion in the biomass
combustion process. However, the increase of Ni loading had not been considered the
effect on power production and thermal efficiency of the system. Accordingly, the
effect of Ni loading on thermal efficiency was investigated. The investigated range of
Ni loading was 10-60% by mole or 6-46% by weight (wt). The highest thermal
efficiency case as case 81 was selected for the investigation. In the previous section,
the Ni loading of case studies was 16. The increase of Ni loading was conducted by
fix the total mass flow of Ni, 908,649 kg/hr. The Ni mass flow rate was kept constant
to provide complete combustion with natural gas. Therefore, the adjustment of Ni

loading was the changing of Al>Os only. Typically, Al>Os had two functions. First, it
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was the supporter of Ni or NiO for improving the mechanical properties of the oxygen
carrier. Since, the reaction in the air reactor was exothermic and the reaction in the
fuel reactor was endothermic. The temperature of air reactor was higher than fuel
reactor. Consequently, the generated heat in air reactor was the heat source for the
fuel reactor. Second, Al.O3 could carry heat from the air reactor to the fuel reactor.

The increase of Ni loading provided the low Al>Os and the total mass of the
solid. When the total mass of solid was low, the temperature of the air reactor was
increased, followed by the calculation of enthalpy (Q =mCyAT). Accordingly, the
increase of Ni loading from 6% to 46%wt provided the increased temperature of the
air reactor from 1,375°C to 1,625°C, as shown in Fig. 4.15.

The increase of air reactor temperature would be a cause of the high-power
production of air reactor, as shown in Fig. 4.16. The increase of Ni loading from 6%
to 28%wt led to the increase of power production from the air reactor because the
temperature inlet to the turbine was increased.

Since the CLC process was operated with the HAT cycle which humid air was
generated. The humid air was introduced to the air reactor which provided the high
mass flow rate to the turbine and high-power production. When water flow rate had
been decreased, the power production from the air reactor was decreased. Therefore,
when the Ni loading was increased higher than 28%wt, the power production from the
air reactor was decreased because the water flowrate was decreased, as shown in Fig.
4.17. In addition, the high-water flow rate provided the high-power production from
the air reactor, but the temperature of the air reactor was decreased. At the high
proportion of Ni loading, the solid from the air reactor was sent to fuel reactor with
low mass flow rate. Therefore, the solid from the air reactor should be sent at high
temperature for remain total heat supplied to the fuel reactor.

The increase of Ni load led to the increase of work consumption of
compression, as shown in Fig. 4.18. Since the water flow rate was decreased. The
water was introduced to the HAT cycle for 2 reasons; 1) humid air generation and 2)
work consumption of air compression reduction. Water was the coolant at the
intercooler. Water was received heat from the compressed air between the multi-stage

compressor. The low temperature inlet to the compressor provided the low work
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consumption of air compression. According, when the water flow rate of the process
was decreased, the work consumption of air compression was increased.

Eventually, the thermal efficiency was increased when Ni loading was
increased from 6% to 28%wt because of the increase of temperature and power
production from the air reactor, as shown in Fig. 4.19. When Ni loading was higher
than 28%wt, the thermal efficiency was decreased because of the increase of work
consumption of air compression and the decrease of water flowrate. The suitable Ni
loading could carry the fuel reactor's heat needed without external energy supplies. It
would lead to optimum air reactor temperature, optimum solid temperature, optimum
water mass flow rate, and high efficiency. For this process, the suitable Ni loading
was 28%wt, which achieved the highest thermal efficiency of the CLC process with
the HAT cycle, 57.67% at 15 atm, 7 stages, and method 3.
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Fig. 4.16 The effect of % Ni loading on the temperature of the air reactor.
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Fig. 4.17 The effect of %Ni loading on power production from the air reactor.
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Fig. 4.19 The effect of %Ni loading on work of air compressor.
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Fig. 4.20 The effect of % Ni loading on thermal efficiency.

4.5 Conclusion

This study objective is to systematically investigate the operating variables
that have effects on the efficiency of the CLC combined with HAT unit to produce
electricity. Both system configurations and operating conditions were simultaneously
investigated. The high thermal efficiency represented the worthiness of the using of

fuel. Four operating variables; pressure of the air reactor, number of air compressor
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stages, methods of air compression and air flow rate were investigated their effects on
four responses; the thermal efficiency, power production from air reactor, work of air
compressor and air compressor discharge temperature. In this study, the maximum
thermal efficiency of the CLC process with the HAT cycle was 57.67%, while that of
Petriz-Prieto et al. study was 56.08% [49]. However, the result did not aim for
comparison. It was used to be the preliminary data in operation for reach the high
efficiency in power production and making decision for the practical operation.

For more understanding of the system, four input parameters, which were the
pressure of the air reactor, the number of compressors, the compression method and
the air flow rate, were investigated their effects on the four responses: the thermal
efficiency, the power production from air reactor, the work of air compressor, and the
discharge temperature from the air compressor. The 3% factorial design was used for
investigation. Case 81 gave the maximum thermal efficiency, 55.87% , with the
operation at 15 atm, 7 stages, method 3, and 61,000 kmol/hr. However, case 75
operated the same operating condition as case 81, but used only 3 stages of
compression, had a thermal efficiency of 55.84% . In this case, case 75 could be a
better solution since the investment cost would be lower than case 81, while the
thermal efficiencies were quite the same. Thus, case 75 was selected as the base case
for the CLC process with the HAT cycle.

The result showed that the increase in air reactor pressure, the number of
compressors, and the air flow rate would increase the thermal efficiency. Method 3 of
the compression operation led to high thermal efficiency. It was also found that air
reactor pressure and compression operation methods highly affected thermal
efficiency. Method 3 for compression operation reached high thermal efficiency
because it brought about the highest discharge temperature for the turbine. The high
discharge temperature was the reason for the high air reactor temperature, high power
production from the turbine, and high thermal efficiency. The high discharge
temperature was the reason for the high-water flow rate introduced into the HAT
cycle. Water absorbed the heat in compressed air, causing the reduction of
compression work. Therefore, a high-water flow rate was fed into the system when
method 3 was operated. The increase of compression stages would increase the inter-

coolers to release heat of compressed air. The operation for obtaining the high-power
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production and high temperature discharge should be selected to operate more than
low power consumption of air compression. At last, the amount of Ni loading in the
system was studied. Since the Ni mass flow rate was constant, the increase of Ni
loading was carried out by decreasing Al>Oz. The Al.O3 acted as a heat source for the
fuel reactor. It was found that the system with 28% wt of Ni loading gave the highest
thermal efficiency of 57.67%.
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Chapter 5
Hydrodynamic behavior of chemical looping combustion

5.1 Research gaps

Chemical looping combustion could be used with solid fuel and gaseous fuel.
The solid fuel would be coal and biomass, while the gaseous fuel could be natural gas.
The challenges to operate the process with these fuels were different. The major
challenge of solid fuel is the unburnt char because of the slow gasification rate.
However, for the gaseous fuel system, the combustion was mostly complete.

Nonetheless, improper operating conditions could also lead to incomplete
combustion. Its consequence is the CO, emission from the air reactor. Therefore, the
operating conditions are a crucial factor in achieving suitable hydrodynamics and
obtaining high thermal and CO. capture efficiencies.

5.2 The objectives

For the first section, the operating conditions were systematic investigation for
suitably hydrodynamic behavior. The fuel and oxygen carriers for this section were
coal and iron oxide (Fe203/Fez04).

For the second section, the operating conditions which obtained the high
thermal efficiency from chapter 3 were investigated for suitably hydrodynamic
behavior under chemical reactions. The fuel and oxygen carrier for this section was
methane (CH4) and nickel oxide (NiO/Ni). Then, the conversion and temperature

achievements would be determined.

5.3 Results and discussion of the first part
5.3.1 Model validation

When the system reached the steady-state condition, the mass fraction outlet
of the reactor would fluctuate around the constant value. The result of the simulation
model was collected and interpreted. The model without reaction or cold flow model
was validated with the experimental data. After that, the model will include the
reaction model and simulate when reactions occur.

The model was validated by running the cold flow model under isothermal at
1173 K and the coal feeding velocity at 1 m/s. The obtained solid volume fraction

(VOF) contour from the simulation was compared with the experimental data studied
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by Su et al. [97]. The solids in their system, including iron oxide and coal. The
contours of the solid volume fraction of the model simulation and experimental data
were consistent, as shown in Fig. 5.1. It represented that the VOF was dense in the
downers and the VOF was well dispersed in the risers. In the hot flow model, the
mass fraction outlet from the reactor was compared with the experimental data, which
was studied by Su et al. [97]. The result of fuel and air reactors are shown in Fig. 5.2
and 5.3, respectively. The mass fraction outlet results between the simulation data and
the experimental data were consistent. When the simulation data and the experimental
data were consistent in cold and hot flow models, the model was used for further
investigation because this model could represent the reasonable result of the dual
circulating fluidized bed reactor (DCFBR) for the CLC process.

The interested point of this model was CO in the outlet of the air reactor. It
occurred from the unburnt coal in the fuel reactor. In theory, the air reactor's gas
composition should not consist of CO because the air reactor's total outlet would be
directly released to the environment. CO. contamination was the cause of the
environmental crisis and it was the indicator of unsuitable operation. Consequently,

the investigation of the operating condition was crucial for process improvement.
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Fig. 5.1 The flow direction of total solid volume fraction (Left) from Su's study and
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Fig. 5.3 The mass fraction of gas outlet from the air reactor

5.3.2 ANOVA result
The ANOVA analysis could indicate the significant parameters and the
interaction of parameters on the system responses. The two input parameters consisted
of the reactor's temperature (parameter A) and the ratio of coal feeding velocity to the
oxygen carrier's weight (parameter B). Three levels of parameter A were 1173, 1373,
1583 K and the three levels of parameter B were 0.1/400, 0.5/400, 1.0/400 (m/s)/kg.

The two responses consisted of the combustible gas percentage from the fuel reactor



111

and the CO: percentage from the air reactor. The result of ANOVA analysis is shown
in Table 5.1 and 5.2. The two models were significant because the p-value was lower
than 0.05.

Table 5.1 The effect on the combustible gas percentage from the fuel reactor

Source Sum of Squares DF Mean Square F Value Prob > F

Model 1826.70 4 456.68 11.88 0.0171  significant
A 748.53 2 374.26 9.74 0.0290

B 1078.18 2 539.09 14.02 0.0156

Residual 153.77 4 38.44

Cor Total 1980.47 8

Table 5.2 The effect on the CO> percentage from the air reactor

Source Sum of Squares  DF Mean Square F Value Prob > F

Model 2141.13 6 356.85 104.10 0.0095  significant
B 2128.43 2 1064.21 310.44 0.0032

AB 12.70 4 3.17 0.93 0.5783

Residual 6.86 2 3.43

Cor Total 2147.98 8

5.3.3 The effect on combustible gas percentage from the fuel reactor

The combustible gas percentage from the fuel reactor was calculated from the
molar flow rate of CHs, C2Hs, H2, and CO from the fuel reactor's outlet divided by the
total molar flow rate of the fuel reactor. The high percentage indicated low
performance. The ANOVA result in Table 5.1 represented that the temperature (A)
and the ratio of coal velocity to the oxygen carrier's weight ( B) affected the
combustible gas percentage from the fuel gas since the p-value was lower than 0.05.
The increase of A and B caused an increase in the combustible gas species, as shown
in Fig. 5.4.

The reaction in the fuel reactor was endothermic. [76, 115] The increasing
temperature provided a higher rate of gasification reaction. Accordingly, the products
of gasification were increased. The combustible gas, which included CH4, CO, and
H>, were increased. [76] The increase in temperature would push the reaction forward.
When the combustible gas was highly increased, the gas conversion in the fuel
reactor's riser was decreased because the total solid was constant. Nonetheless, the

result showed that the increase in temperature increased the combustible gas. The
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increase of temperature was not only pushed the reaction forward but also increased
the gas velocity in the riser. The high gas velocity decreased the residence time of the
reactants in the riser and decrease the reaction between the oxygen carrier and gas
reactants.

The increase of this ratio provided the high amount of coal in the reactor. This
was because the oxygen carrier's weight was fixed while the coal amount was varied.
When coal was introduced into the reactor, coal was gasified by the gasifier medium
(CO»). The gas species were the products of coal gasification. After that, the gas
species was reacted with the oxygen carrier. The coal then excessed. Eventually, the
increase of this ratio would increase gas species in the fuel reactor because the
gasification rate was increased when the temperature was increased. [76]

The best case was case 1, with the lowest value of the combustible gas. In case
1, the temperature and the ratio of coal velocity to the oxygen carrier's weight were at
the lowest values of 1173 K and 0.00025, respectively. In contrast, the worst case was
case 9, with the highest value of the combustible gas. In case 9, the temperature and
the ratio of coal velocity to the oxygen carrier's weight were at the highest values of at
1573 k and 0.00250, respectively.
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Fig. 5.4 The effect on the combustible gas from the fuel reactor
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5.3.4 CO: percentage from the air reactor

The CO. percentage from the air reactor was calculated from the molar flow
rate of CO» from the air reactor's outlet divided by the total molar flow rate from the
air reactor. The high percentage indicated low performance. The ANOVA result in
Table 5.2 indicated that the ratio of coal velocity to the weight of the oxygen carrier
(B) and the relationship of temperature and the ratio of coal velocity to the weight of
the oxygen carrier ( AB) affected CO> percentage from the air reactor since their
p-value was lower than 0.05. The increase of B and AB caused the increase of the
CO- from the air reactor, as shown in Fig. 5.5.

After coal was gasified, the process produced gas products and char. The
unburnt char from the fuel reactor was transfer to the air reactor. At the air reactor, the
air was oxidized with the metal to produce an oxygen carrier. When the unburnt char
was transferred to the air reactor, the char was oxidized by O in the air. CO2 was
produced and contaminated in the excess air, which was directly released into the
environment. The high ratio of coal velocity to the oxygen carrier's weight led to high
introduced coal in the reactor, which increased the unburnt char in the fuel reactor, as
shown in Fig. 5.5.

When the reactor was operated at high temperature and high ratio of coal
velocity to the oxygen carrier's weight, the gas velocity and coal were high, which led
to the high unburnt char in the fuel reactor.

The increase in temperature provided the rate of gasification reaction.
Accordingly, the products of gasification were increased. The gasification products,
CH4, CO, Ha, CO., and char were increased. [76] The excess gasification products,
especially the unburnt char in the fuel reactor, were sent to the air reactor. Eventually,
it led to the high CO: at the air reactor.

The best case was cases 1- 3 with the lowest values of the CO> from the air
reactor. In these cases, the ratio of coal velocity to the oxygen carrier's weight was the
lowest at 0.0025. In contrast, the worst case was cases 7-9 with the highest values of
the CO> from the air reactor. The ratio of coal velocity to the oxygen carrier's weight
was at the highest value of 0.00250.
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Fig. 5.5 The effect on the CO2 combustible gas from air reactor

5.3.5 Conclusion of the first section

The high performance of the CLC process was provided by suitable
hydrodynamic behavior. The high performance of the CLC process led to good CO>
capture efficiency. In this section, the hydrodynamic behavior of DCFBR was
systematically investigated by the 2* factorial experimental design. There were two
input parameters; the temperature of the reactor and the ratio of coal velocity to the
oxygen carrier's weight. This systematic investigation would include the curvature
behavior of the result to obtain the optimum operating condition. There were two
responses; the combustible gas percentage from the fuel reactor and the CO2 from the
air reactor, which directly indicated this reactor performance. The result showed that
the low temperature (1,173 K) and the low ratio of coal velocity to the weight of

oxygen carriers (0.00025) provided the best performance of this system.

5.4 The results and discussion of the second section
In this section, methane (CH4) was used as the fuel and NiO/Ni was used as
the oxygen carrier.
5.4.1 The hydrodynamics of cold flow
After model validation from the last section, the model was further used to
investigate the CLC process, but the fuel and oxygen carriers were changed. The CHa

was used as the fuel and NiO/Ni with AlOs was used as the oxygen carrier. In the
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first step, the cold flow model was performed for suitable hydrodynamics behavior
achievement.

At the inlet of the fuel reactor riser, CH4 and CO2 were introduced into the
riser. CO2 was introduced to keeping suitable hydrodynamic behavior and reduce the
total amount of CHa using in the system. At the inlet of the air reactor riser, the humid
air was introduced into the riser. The humid air was used to follow the operating
condition from the chapter 4 result. NiO/Ni and Al>Os were used as the active metal
and the support followed the chapter 4 result. The optimum Ni loading on Al,O3 was
40%mol, which convert into %mass

There were 2 values of the initial solid volume fraction; 0.35 and 0.45, which
were studied. The simulation data indicated that the flow direction was correct. The
solid volume fraction was dense in the downers. The solid was well dispersed in the
riser. The increase of the initial solid volume fraction would increase the solid volume
fraction in the downers. The contour of the solid volume fraction is shown in Fig. 5.6.
It was not found the reverse flow from the riser inlet to the loop-seal. The solid was
dense at the loop-seal. Therefore, it would block the inlet gas, which flowed through
the downer. The reverse flow led to the low performance of the reactor and low CO>
capture efficiency. In the cold model, the initial temperature was 873 K. The
temperature contour was slightly different because the density of the mixture was
changed. The temperature contour of the initial solid volume fraction at 0.35 and 0.45,
as shown in Fig. 5.7 and Fig. 5.8, respectively. The gas temperature profile was
slightly higher than the solid temperature. The mixture of gas density directly affected
the temperature because the mixture of gas was calculated by the volume-weighted-
mixing-law method. With this method, the high change of gas composition would be
the reason for gas density and gas temperature. The composition of the solid phase

was not highly changed. Therefore, the change of solid temperature was low.
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5.1.1. The hydrodynamics of hot flow

After the cold flow model was completely investigated, the model was proven
that the boundary and the setup of significant input data were satisfied for suitable
hydrodynamic behavior of the cold flow. The data of the cold flow model at the 20
seconds was used to perform in the hot flow model. For the hot flow model, the
reaction of Ni and O in the air reactor and the reaction of CHs and NiO in the fuel

reactor were included, as shown in Eqgs. 5.1 and 5.2, respectively.

2Ni + 0, - 2Ni0 (5.1)
CH, + NiO - CO, + H,0 + 4Ni (5.2)

The activation energies of these equations from the study of Abad et al. were
adjusted to 7 kJ/mol for all reactions. [102] There were four investigated parameters;
rate reaction, initial solid volume fraction, velocity, and CH4 mass fraction in the feed.

The parameters were adjusted to obtain a suitable conversion and temperature, as
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shown in Table 5.3. The simulation data was validated with the temperature, CH4
conversion, and MW thermal from the experimental data. The caution for the hot flow
model is the properties of the material in the system. The heat of heterogeneous
reaction is the heat source of the system. The heat of the heterogeneous reaction in the
air reactor (reaction 5.1) should be a positive value because it was the exothermic
reaction. The heat of the heterogeneous reaction in the fuel reactor ( reaction 5.2)
should be a positive value because it was the endothermic reaction. When the heat of
heterogeneous reaction was incorrect, the heat of formation of the material was
checked. Besides, the rate exponent of the reaction was checked to obtain the

responses’ accuracy (temperature conversion).

Table 5.3 The total cases study from 3 factorial experimental design and the results.

Case  Temperature Vo to weight of % Combustible %CO; from

(K) OC (m/s)/(kg) gas species from AR
FR
1 1173 0.00025 13.15 1.84
2 1373 0.00025 16.94 1.97
3 1573 0.00025 24.48 1.80
4 1173 0.00125 16.34 2.97
5 1373 0.00125 31.96 6.93
6 1573 0.00125 47.38 9.12
7 1173 0.0025 29.68 36.47
8 1373 0.0025 51.68 36.30
9 1573 0.0025 53.64 36.71

5.1.1. The validation with experimental data

The results of the hot flow model are shown in Table 5.4 and Table 5.5. The
conditions of all case studies were compared with the other studies investigating the
hydrodynamics of the CLC reactor. The fuel reactor temperature validated with
experimental data included cases 1-10, as shown in Fig. 5.9. The air reactor
temperature validated with experimental data included cases 5-10, as shown in Fig.

5.9. The CH4 conversion validated with experimental data included case 7, as shown
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in Fig. 5.10. The thermal energy that was produced by the reactor at 1.5 m was 0.225

MW thermal. [97] The thermal energy that was produced from this study were 0.27-

0.97. The thermal energy that was validated with experimental data included cases 1-

10. The conditions of case 7 were 1E+5 of pre-exponential factor, 0.45 of the initial

VOF, 1 time of velocity compared with the base case, and 0.05 of CH4 mass fraction.

Accordingly, the results were confirmed that the operating conditions were realistic

with the experiment. In the next section, the effect on temperature and conversion

were represented.

Table 5.4 The output conditions from the adjusted parameters

Cases | Average Temp | Average Temp Average Temp Average Temp
Solid AR (K) Gas AR (K) Solid FR (K) Gas FR (K)
1 874.51 874.50 874.51 874.19
2 876.66 876.66 876.66 874.78
3 1014.31 1014.12 1014.31 782.10
4 986.43 986.42 986.43 918.41
5 1236.78 1236.56 1236.78 1165.45
6 1280.99 1280.98 1280.99 1200.03
8 1258.15 1258.17 1258.15 1209.40
7 1320.94 1320.91 1320.94 1186.18
9 1146.72 1146.00 1146.72 1015.32
10 1149.18 1148.96 1149.22 1040.89

Table 5.5 The temperature, conversion and MW thermal of other studies.

Ref
FR temperature (K) 873-1273 [116-118]
AR temperature (K) | 1123-1273 [116-118]
CH4 conversion (%) 95-100 [116]
MW thermal 0.225 [97]
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5.4.2 The effect of rate reaction
The pre-exponential reaction rate factor was the constant (A) in the Arrhenius
equation, as shown in Eq. 5.3. The increase in this factor led to an increase in rate
reaction.
k = AeFa/RT (5.3)
When the initial solid volume fraction was adjusted to 0. 35, the pre-
exponential factors in Eqgs 4.1 and 4.2, were adjusted to 1, 1E+ 3, and 1E+5. The
increase of the pre-exponential factor was why the higher conversion of CHs4 and O
obtained, as shown in Fig. 5.11. When the pre-exponential factor was increased from
1 to 1E+5, the conversion of O2 was almost completely converted. The O, conversion
was increased when the pre-exponential factor was increased. The O conversion was
the highest at the pre-exponential factor of 1E+3.
The result of the temperature in the air reactor and fuel reactor was shown in
Fig. 5.12. When the pre-exponential factor was 1, the temperature of air and fuel
reactors was not highly changed from the beginning condition. At the beginning
condition, the temperature of all materials in the reactor and feed was 800 K. The high
conversion led to high temperature in the air reactor and low temperature of fuel
reactor because the reactions were exothermic and endothermic in air and fuel
reactors, respectively. Therefore, the temperature in the air reactor was increased. At
the pre-exponential factor of 1E+ 3, the fuel reactor's temperature was the lowest
because the CH4 conversion was the highest. At the pre-exponential factor of 1E+5,
the fuel reactor's temperature was high because the temperature of the air reactor was
high. In the CLC reactor, the heat was carried by the oxygen carrier from the air
reactor to the fuel reactor. Accordingly, the air reactor's high temperature led to high

temperatures in the fuel reactor.
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Fig. 5.12 The temperature of the air reactor and fuel reactor when the initial VOF was
0.35

When the initial solid volume fraction was changed to 0.45, the increase of the
pre-exponential factor was why the higher conversion of CHs and O obtained, as
shown in Fig. 5.13. When the pre-exponential factor was increased from 1 to 1E+5,

the Oz and CHs conversion were increased. The high conversion led to a high
temperature of rectors, as shown in Fig. 5.14.
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5.4.3 The effect of the initial solid volume fraction
The initial solid volume fraction (VOF) was used at 0.35 and 0.45. The high
initial solid volume fraction indicated the high total solids in the system. The total
amount of solid, when initial VOFs were at 0.35 and 0.45, were 39.03 kg and 50.18
kg, respectively. The high amount of solid would be the reason for high conversion,

but too much solid would fall into the bottom of the downer, as shown in Fig. 5.15.
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Accordingly, too much solid in the system led to low conversion. The higher cluster
was found in the riser when the initial VOF was 0.45. Accordingly, the mixing when
the initial VOF was 0.35 was better.
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Fig. 5.15 The volume fraction contour of the initial VOF 0.35 (left), and the initial
VOF was 0.45 (right)

The conversion of O, when the initial VOF at 0.35 and 0.45 was almost
complete combustion. The increase of the initial VOF from 0.35 to 0.40 led to a
decrease of CHs conversion, as shown in Fig. 5.16. The high conversion of O
provided the air reactor's high temperature, and the high conversion of CH4 provided

the low temperature of the fuel reactor, as shown in Fig. 5.17.
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Fig. 5.17 The temperature of the air reactor and fuel reactor when the velocity was
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5.4.4. The effect of velocity

The increase of velocity increased the homogeneity of the mixture, which
increased the conversion in the reactors. In Shen's study, their result indicated that the
low gas velocity led to high residence time. [119] However, too high velocity was the
reason for residence time reduction, which decrease the conversion in the reactors.

The velocity was adjusted from the base case at 1 and 1.5 times. For the base case, the
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velocities at the risers of air and fuel reactors were 1.6 and 1.2 m/s, respectively. For
the adjusted velocity case by 1.5 times, the velocity at the risers of air and fuel
reactors were 2.4 and 1.8 m/s, respectively. The increase of velocity provided the
decrease of CH4 conversion in air and fuel reactor. On the other hand, it was not
affected by O conversion in air and fuel reactor. It indicated the air flow rate of this
condition could be increased, which would increase the CH4 conversion, as well. In
addition, the increased velocity led to the decrease of conversion when the initial VOF
was 0.35 and 0.45, as shown in Fig. 5.18. However, the increase in velocity was a
significant reason for the temperature decrease, as shown in Fig. 5.19. The
temperature of air and fuel were decreased when the velocity increase. The air and
fuel were introduced into the reactors at 873 K, lower than the reactor temperature.
The high velocity led to a high amount of mass that lower temperature, which
decreased the reactor temperature.
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Fig. 5.18 The temperature of air reactor and fuel reactor when velocity was adjusted
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The better mixing was occurred when the initial VOF was 0.35, as shown in
Fig. 5.20 and Fig. 5.21. Accordingly, the methane conversion when the initial VOF

was 0.35 was higher than the methane conversion when the initial VOF was 0.45, as
shown in Fig. 5.18.
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0.150

Fig. 5.20 The solid volume fraction when the velocity was 1 time
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Fig. 5.21 The solid volume fraction when the velocity was 1.5 times

5.4.5 The effect of CH4 mass fraction in the feed

The composition in feed at the riser of the fuel reactor included CH4 and COa.
The CH4 mass fraction of the base case was 0.3. Then the mass fraction in feed was
adjusted to 0.05, 0.15, and 0.30. The high CH4 mass fraction led to a low CO2 mass
fraction in the fuel reactor. The adjustment of CH4 mass fraction would not interrupt
the velocity of the fuel reactor riser. Therefore, the hydrodynamic of the fuel reactor
was not affected. The decrease of CH4 mass fraction from 0.3 to 0.05 would increase
CHjs conversion, but the O2 conversion was not affected by this condition, as shown in
Fig. 5.22. At the lowest of CHs mass fraction, the CHs conversion was almost
complete. The fuel reactor temperature at the lowest of CHs mass fraction was the
lowest, and the air reactor temperature was the highest. When the CH4 conversion was
high, the oxygen carrier was highly used in the CH4 reaction. Therefore, the spent
oxygen carrier from the fuel reactor was highly oxidized by O in the air reactor. The
temperature of the air reactor was the highest. The high CH4 conversion led to a low
temperature of the fuel reactor, as shown in Fig. 5.23. The reaction in the fuel reactor
was endothermic. [76, 115] Accordingly, the high conversion of CHs in the fuel

reactor provided the low temperature in the fuel reactor.
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in feed was adjusted

5.4.6 The size of the reactor
The result from the hydrodynamic investigation could be further calculated the
reactor size, which it was useful in the next chapter. (Economic and emergy analysis)
In calculating reactor size from the hydrodynamic investigation, the thermal energy

was calculated from the converted CH4 as shown in Eq. 5.4. The electrical energy
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was calculated from the multiplication of the thermal efficiency and the thermal
energy, as shown in Eq. 5.5. The thermal efficiency was set as 55%, which was
obtained from chapter 4. Finally, the reactor size was calculated from the interpolation
to 50 MW electrical, which was the power production capacity of chapter 6, as shown
in Eq. 5.6. The result of the reactor size was shown in Table 5.6. It indicated that the
high converted CHs provided high thermal energy, high electrical energy, small
reactor size, and low reactor cost.
M]

Thermal energy (MW thermal) = The converted CH, (mTOI) X Heating value of CH, (—)

mol

(5.4)

Thermal ef ficiency (%) XThermal energy (MW thermal)
100

Electrical energy (MW electrical) =
(5.5)

. 50 (MWelectrical) x Volume of reactor from CFD simulation (m?3
Reactor size (m3) = (m?)

Electrical energy (MW electrical)

(5.6)

Table 5.6 The thermal energy, electrical energy, reactor size and the reactor cost

Case Thermal energy Electrical energy Reactor size Reactor cost ($)
(MW) (MW) (m3)

1 0.359 0.198 70.45 1,587,419.73
2 0.253 0.139 100.22 1,961,339.07
3 0.967 0.532 26.18 876,596.77

4 0.603 0.332 41.98 1,163,628.82
5 0.615 0.338 41.16 1,149,855.58
6 0.594 0.327 42.60 1,173,857.22
8 0.634 0.349 39.92 1,128,999.15
7 0.273 0.150 92.80 1,872,871.93
9 0.661 0.364 38.29 1,101,167.55
10 0.588 0.324 43.024 1,180,866.646
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5.4.7 Conclusion for the second part

The operating condition from chapter 4, pressure and Ni loading were used in
this section. After that, the rate reaction, initial VOF, velocity and CH4 mass fraction
in feed were investigated to obtain suitable hydrodynamic behavior. This range of
investigation, the high pre-exponential factor, low initial VOF, low velocity, and low
CHs mass fraction in feed increased temperature and conversion. The result was
validated with the experimental data. Accordingly, the operating condition from
chapter 4 was reasonable. After that, the reactor size was calculated, which provided
the reactor cost, as well. The cost of the reactor will be used in Chapter 6 for

economic and emergy analysis
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Chapter 6
The sustainability assessment of chemical looping combustion for power
production

6.1 Research gaps
In a previous CLC study, the analysis of the best case of the CLC process was
investigated only thermal efficiency and economic analysis. However, the study did

not investigate whether those implementations would enhance the sustainability of the
improved CLC processes. The significance of thermal efficiency to the sustainability

of the CLC process had not been reported. In this study, the approach for CLC process

improvement from the viewpoint of sustainability analysis was reported. There were 6
case studies in which different operation conditions and configurations were

investigated. The best case of 3 viewpoints thermal efficiency, economic analysis, and
sustainability analysis) was investigated. The comparison among the 3-analysis types
has not been performed before. Besides, this study revealed the results, comparing

combustion types between CC and CLC, the effect of the CO. capture efficiency of

the CC, and the effect of thermal efficiency on sustainability analysis. The interesting

point was that which approach of the operating condition or process configuration of

these case studies could provide high sustainability.

6.2 Objective
To perform an emergy analysis for sustainability assessment of the CLC

process.

6.3 Results and discussion
6.3.1 Thermal efficiency result
The thermal efficiency indicates the efficient fuel usage for power production, as
shown in Table 6.1. The high thermal efficiencies of case studies indicated that the
used resources were effectively employed. Case 1, case 2, and case 3 were the power
production unit from the natural gas combustion with post-combustion. The

combustion section was the conventional combustion (CC). As mentioned earlier,
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even though amine scrubbing was the mature process for CO. capture, the solid
sorbent system was selected in this study because of its low cost and high efficiency
for CO2 capture. For case 1, it represents a typical power plant where there was no
CO- capture section to treat the flue gas. Thus, the total produced power was the
output of the plant. Consequently, the thermal efficiency of case 1 was the highest at
52.47%, and the result was comparable with the study of Kanniche et al. Their
thermal efficiency of natural gas powerplant without a CO> capture system was 60%.
The thermal efficiencies of case 2 and case 3 were lower than case 1, and their
efficiencies were 47.48% and 50.22%, respectively. These results also coincided with
Kanniche's work, which reported the thermal efficiency to be at 50% for the system
with a CO> capture system. [7] In cases 2 and 3, the different CO, capture systems for
post-combustion were set up. There were 6 and 3 stages for CO. capture adsorbers in
case 2 and case 3, respectively. The CO2 was not completely captured by the CC
cases. However, the CO, was completely separated in the CLC cases. The CLC
without a HAT cycle was performed in case 4. The thermal efficiency of case 4 was
39.58 %. Even though the thermal efficiency of case 4 was the lowest of all case
studies, it was completely captured CO, from flue gas. Cases 5 and 6 were the CLC

process with a HAT cycle, and they both had higher thermal efficiencies than case 4.

The HAT cycle improved the performance of the process by reducing the required
work of the compressors and increasing the power production of the turbines. This
study revealed that the HAT cycle could improve the thermal efficiency up to 13—
16%, with the highest thermal efficiency (55.84%) in case 5 (Table 3). The heat
exchangers in the HAT cycle for each multistage compressor reduced the workload of
each compressor. At the same time, the cooling water was used in the HAT cycle to
remove the heat from the compressed air and to produce steam, which was then used
to increase the mass of the working fluid in the turbine. The operation of the air
compressors in case 6 was different from those of other cases by employing the same
compression ratio in all stages of the compressors.

On the contrary, the compression ratio of the last-stage compressor in cases 1, 2,
3, and 5 employed the highest ratio, which led to obtaining a high thermal efficiency

system. The other difference in the operating conditions of case 5 and case 6 was the
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amount of NiO loading. The higher loading of NiO on the Al>O3 in case 6 also led to
obtaining higher thermal efficiency. In addition, case 6 had lower heat recovery units
when comparing to case 5. The thermal efficiency of case 6 was slightly lower than
case 5. In general, from the thermal efficiency result, case 5 would be the candidate
process for implementation. From the early case of the CLC study with the HAT
cycle, the thermal efficiency was 56.08%, which was higher than case 5. [49] The
reason for lower thermal efficiency might come from the different heat recovery
processes. The thermal efficiency of the CLC process with multistage turbine 55.9%
in Brandvoll and Bolland study. [120] The thermal efficiency of the CLC process
with STIG was 55.1% in Ishida and Jin. [68] Eventually, the rank of these case studies

from the thermal efficiency viewpoint was 5, 6, 1, 3, 2, and 4, respectively.

Table 6.1 The thermal efficiencies for each case study.

Thermal efficiency
Case Description (%)
1 CC and HAT without CO; capture 52.47
2 CC with HAT and 96.27% CO, capture 47.48
3 CC with HAT and 77.76% CO, capture 50.22
4 CLC without HAT 39.58
5 CLC with HAT high heat recovery 55.84
6 CLC with HAT low heat recovery 53.31

6.3.2 Economics analysis results

The economic analysis, which exhibited the profit of each case study, was shown
in Table 6.2. Case 1 was the CC case without CO- capture. The payback period of
case 1 was 6.82 y, and IRR was 13.51%. Case 2 and case 3 were operated to achieve
96.27% and 77.76% CO: removal, respectively. The payback period and IRR were
15.63 y with 4.42% for case 2 and 8.94 y with 9.86% for case 3. For case 1, the
equipment and total capital costs were the lowest among all CC cases because there
was no CO; capture section included. Therefore, the payback period was the shortest
and the IRR was the highest. The profit of case 2 was lower than case 3 because the
number of operation units in case 2 (25 units) was higher than case 3 (18 units), which

were required to achieve the higher CO> capture efficiency. With this analysis, case 1
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should be select for investment more than cases 2 and 3. On the other hand, this result
would support the CO2 emission to the environment without CO, treatment and
increase the environmental loading. Accordingly, the carbon tax should be included in
economic analysis for including the environmental impact.

However, if the carbon tax were included in the expenses, the payback period and
IRR would be 11.44 y and 7.21% for case 1, 16.02 y, and 4.17 % for case 2 and 15.11
y and 4.77 % for case 3, respectively. It can be noted that the profit of CC cases was
decreased, the payback period was extended, and IRR was decreased when the carbon
tax was included. The profit of case 1 was significantly decreased because the
untreated CO> from flue gas was taxed. The cost of electricity in this study was higher
than in Hu's study. [121] Hu reported that the cost of electricity produced by natural
gas combined cycle without CO; capture at 552.82 MW was 59.21 $/MWh while that
with post-combustion CO2 capture at 467.25 MW was 87.51 $/MWh. In this study,
the cost of electricity of case 1 (CC case without CO, capture) was 94.49 $/MWh.
Those of case 2 (CC case with 96.27% CO: capture) and case 3 (CC case with
77.76% CO: capture) were 101.69 $/MWh and 99.53 $/MWh, respectively. The
reason that the cost of the electricity in this study was higher than the cost of Hu's
could be because the power plant capacity in this study was 10 times less than that in

the case of Hu's.

The CLCs of natural gas were operated in cases 4-6. These cases were not taxed
because it was assumed that no CO. was released to the environment when natural gas
was employed in the CLC [122]. Besides, the fuel conversion was completely
combusted when methane was used as a fuel. [48] However, when coal was used as
fuel, CO2 was found from the air reactor due to the incomplete combustion [97]. In
CLC cases, the payback period and IRR were 5.73 y with 16.35 % for case 4, 6.16 y
with 15.11% for case 5, and 4.60 y with 20.69 % for case 6, respectively. Case 6
showed the fastest payback period and the highest IRR among all case studies. The
payback period and IRR of case 4 were slightly better than case 5 because the capital
cost and operating cost of case 4 was lower than case 5, even though the thermal
efficiency of case 5 was higher than case 4. Case 4 was the only case study that was

not applied the HAT cycle and its thermal efficiency was low. Thus, the size of unit
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operations in case 4 was increased for obtaining the same net power output at 50 MW.
The IRR of case 4 was slightly higher than case 5. Case 5 had a high number of heat
recovery units, which increased the heat recovery from the gas outlet of the turbine.
The high number of unit operations in case 5 led to the high investment costs and low
profit. Besides, the compression operation of cases 1, 2, 3, and 5 led to the large size
and high investment cost of compressors. The equipment cost of other cases was
higher than case 6. Thus, case 6 achieved the highest IRR and the shortest payback
period among all case studies. Nevertheless, the economic analysis of CLC cases in
this study was better than that previously reported for the CLC using Ni as an O>
carrier in a 100 MW power production [108]. Their study concluded that the payback
period and IRR of the process were 10.3 y and 16.71%, respectively [108]. The profit
of cases 6 was higher because the HAT cycle was installed in this study.

From the economic perspective, case 6 was the best choice because it obtained the
shortest payback period and the highest IRR, and case 1 was the second-best choice
when the carbon tax was not included in the analysis. However, the inclusion of
carbon tax in the plant expenses reduced the economic performance of the plant. The
profit of case 1 was significantly reduced because the CO2 emission, in this case, was
the highest due to no installation of the carbon capture process. The installation of the
CO:2 capture process of the CC cases was the reason for the decrease of IRR and the
extension of the payback period. The CO2 emission from case 2 and case 3 were
3.73% and 22.24%, respectively, while the CO2 emission of CLC cases (case 4, case
5, and case 6) was almost none. Since the environmental burden should be considered
in all cases, the economic analysis must include the cost of environmental damage or
a carbon tax. Thus, the carbon tax would be included in both the economic and
emergy analyses to allow a fair comparison between processes with different CO;
removal capabilities. The rank of all cases from an economic viewpoint, for both
carbon tax and no carbon tax considerations, was the same at 6, 4, 5, 1, 3, and 2,

respectively.
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Not include the carbon tax Include carbon tax Cost of
Case Payback Payback electricity
] IRR (%) ] IRR (%)
period (y) period (y) ($/MWh)

CC and HAT without CO;

1 6.82 13.51 11.44 7.21 94.49
capture
CC with HAT and 96.27%

2 15.63 4.42 16.02 4.17 101.69
CO, capture
CC with HAT and 77.76%

3 8.94 9.86 15.11 4.77 99.53
CO, capture

4 CLC without HAT 5.73 16.35 5.73 16.35 69.83
CLC with HAT high heat

5 6.16 15.11 6.16 15.11 71.37
recovery
CLC with HAT low heat

6 4.60 20.69 4.60 20.69 61.94
recovery

6.3.3 The emergy analysis results

All of the resources were included in the calculation. It was classified into 3

parameters; F, N and R. The 3 parameters were the local nonrenewable resource (N),

the local renewable resource (R), and the external goods or the expense cost (F). The

three parameters were exhibited in Table 6.3. The parameters would be calculated to

be emergy indicators, unit emergy values (UEV), environmental loading ratio (ELR),

emergy yield ratio (EYR), and emergy sustainability index (ESI), as shown in Table

6.4.
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Case Process description F (sej’Y) R (sej’Y) N (sej/’Y) Total

CC and HAT without CO;

1 6.01E+19 3.08E+19 4.21E+20 5.12E+20
capture
CC with HAT and 96.27%

2 6.46E+19 | 3.43E+19 | 4.65E+20 | 5.64E+20
CO, capture
CC with HAT and 77.76%

3 6.33E+19 3.23E+19 4.40E+20 5.35E+20
CO, capture

4 CLC without HAT 4.40E+19 3.47E+19 5.58E+20 6.37E+20
CLC with HAT high heat

5 452E+19 | 2.46E+19 | 3.95E+20 | 4.65E+20
recovery
CLC with HAT low heat

6 3.91E+19 2.58E+19 4.14E+20 4.79E+20
recovery

Where F = Purchase resource, R = Local renewable resources, and N = Local

nonrenewable resources

Table 6.4 Emergy indicators of each case study.

Case Process description UEVs EYR ELR ESI

CC and HAT without CO,

1 3.24E+05 8.513 15.615 | 0.545
capture
CC with HAT and 96.27%

2 3.58E+05 8.724 15.433 | 0.565
CO; capture
CC with HAT and 77.76%

3 3.39E+05 8.454 15.569 | 0.543
CO; capture

4 CLC without HAT 4.04E+05 | 14.490 | 17.363 | 0.835
CLC with HAT high heat

5 2.95E+05 | 10.280 | 17.933 | 0.573
recovery
CLC with HAT low heat

6 3.04E+05 | 12.236 | 17.577 | 0.696
recovery
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6.3.3.1 Case 1: CC with HAT and without CO; capture

Case 1 was the CC with a HAT cycle and without the CO> capture process.
When CO: capture was not applied, the CO2 capture efficiency was 0% . The
investment cost, manufacturing, and service cost were the lowest of the CC case. The
carbon tax of this case was the highest among the CC cases because of untreated CO».
The purchase resource, F, was the lowest of the CC cases, as shown in Table. 6.3.
Even though the carbon tax was the highest, the investment and manufacturing cost of
this case was lower than cases 2 and 3, as shown in Table 6.5. Natural gas was
counted in nonrenewable resources, N. N of case 1 was low because of its high
thermal efficiency. O. consumption in the air was also low, followed the natural gas
for complete combustion. Water consumption was also low because it was not
supplied to the CO> capture section. O, and water were counted as local renewable
resources, R. R of case 1 was the lowest of the CC cases. The total emergy flow of
case 1 was the lowest among the CC cases. Accordingly, UEV of this case was the
lowest of the CC cases, which indicated that it consumed low solar energy for
producing 1 J of electricity, as shown in Table 6.4. However, the high F led to the low
EYR and the high ELR of CC cases.

6.3.3.2 Cases 2 and 3: CC with HAT and a CO; capture of 96.27%
(case 2) and 77.76% (case 3)

Cases 2 and 3 were the CC with HAT and CO; capture systems. CO- in the
flue gas was removed at 96.27% and 77.76% for cases 2 and 3, respectively. The solid
adsorber was used in the CO, capture process. The emergy flows of solid metal in
cases 2 and 3 was not high because it had a low cost, as shown in Tables 6.6 and 6.7.
The CO- capture section of cases 2 and 3 led to high investment, manufacturing, and
service costs, in which these costs were higher than case 1. Especially, the cost of case
2 was the highest of all case studies. The purchase resources, F, of cases 2 and 3, was
high. The F was the highest in case 2, as shown in Table. 6.3. Natural gas was
supplied to case 2 higher than case 3 because the thermal efficiency of case 2 was
lower than case 3. Thus, the local nonrenewable resources, N, of case 2 was also
higher than case 3 and were the highest of the CC cases, as well. O, consumption was

higher in case 2 and it was higher than case 3 for complete combustion with natural
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gas. Subsequently, water was also higher used in case 2 than in case 3 because the
amount of flue gas in case 2 was higher than that in case 3. Since O, and water were
local resources, they were counted as R. Therefore, the R of case 2 was higher than
case 3. The total emergy flow of case 2 was the highest of all case studies. As shown
in Table 6.4, the UEV of case 2 was also the highest among the CC cases due to the
highest investment and manufacturing cost. The highest R led to the highest EYR and
lowest ELR of case 2. Finally, the ESI of case 2 was the highest of all the CC cases.
This result supported that power plants with CO. capture process provided higher
sustainability than those without CO> capture process. Also, the high CO capture
efficiency increased the sustainability of the process.

6.3.3.3 Case 4 CLC without HAT cycle

Case 4 was a CLC process without a HAT cycle. CO- produced by natural gas
combustion in the CLC process was completely captured and separated [122]. The
carbon tax of the CLC was zero. The investment, manufacturing, and service costs
were high, as shown in Table 6.8. In case 4, the costs of oxygen carrier and metal
oxide support were the highest among the CLC cases and it was also the highest cost
of solid materials in all case studies. It led to a high F even though the HAT cycle
was not applied. The demand for natural gas was the highest among all case studies.
Thus, N of this case was also the highest, as shown in Table 6.3. The water usage in
the condensation section was the highest because of the high mass flow rate of flue

gas. The process also consumed the highest O> for the complete combustion.
Consequently, the R of this case was the highest. This case study required all
resources to produce equal power capacity to other cases because it was the lowest
thermal efficiency. Because of the highest required resources, the total emergy flow
and the UEV of this case were the highest, as shown in Table 6.4. The highest R led
to the highest EYR and the highest of ESI among the CLC cases. From the

sustainability aspect, this case was the best case among the CLC processes.

6.3.3.4 Case 5 CLC with HAT and high heat recovery
Case 5 was the CLC process with a HAT cycle and a high heat recovery

system. The investment, manufacturing, and service costs were the highest of all CLC
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cases because of the high number of unit operations, leading to the highest F of all
CLC cases, as shown in Table 6.3. This case utilized the lowest oxygen carrier and
metal oxide support because less natural gas was consumed since the process had high
thermal efficiency. Therefore, N of this case was the lowest. Oz in air consumed in the
process was also the lowest among all case studies, as shown in Table 6.9.

Consequently, the R of this case was the lowest. The total emergy flow was
the lowest; thereby, the UEV was the lowest, as shown in Table 6.4. It indicated that
this case used the lowest solar energy for producing electricity. However, the highest
F and the lowest R of this CLC case led to the lowest EYR and the highest ELR of the
CLC cases, representing the low sustainability of the process and high environmental
loading. Consequently, the ESI of this case was the lowest of the CLC cases.

6.3.3.5 Case 6 CLC with HAT and low heat recovery

Case 6 was the CLC process with a HAT cycle and a low heat recovery
system. The oxygen carrier was slightly higher than case 5, but the metal oxide
supporter was extremely lower than case 5 because the Ni loading of case 6 was
higher than case 5, as shown in Tables 6.9 and 6.10. The investment, manufacturing,
and service costs were the lowest of all case studies because of the different
compression operation methods. Accordingly, F of case 6 was the lowest of all case
studies, as shown in Table 6.3. The natural gas consumption was slightly higher than
case 5 because of its lower thermal efficiency. N of this case was higher than case 5
but was lower than case 4. More O in the air was consumed to complete the
combustion with natural gas. Therefore, O in air and R of this case would be higher
than case 5 but lower than case 4. The low investment, manufacturing, and service
costs led to lower total emergy flow. The UEV of this case was low and was slightly

higher than case 5, because of the lower purchased resources, as shown in Table 6.4.

6.3.3.6 The conclusion on emergy analysis
The UEVs of all six case studies were higher than those previously reported
for a geothermal power plant, 2.18E+05 (sej/J), coal power plant, 1.63E+05 (sej/J),
wind power plant, 1.74E+04 (sej/J), and hydropower plant, 5.04E+04 (sej/J) [123].
For the CC cases, the UEV of case 1 (3.24E+05 sej/J) was the lowest even though the
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carbon tax was included. The UEV of case 2 (3.58E+05 sej/J) was slightly higher than
case 3 (3.39E+05 sej/J), which reflects the higher solid sorbent, support, investment,
and operating costs of case 2, but the carbon tax of case 3 (3.40E+18 sej/y) was some
5.5 times higher than case 2. Eventually, the total emergy of case 2 was still higher
than case 3 for producing the same amount of electricity. For the CLC cases, the UEV
of case 5 was the best because the thermal efficiency of case 5 (2.95E+05 sej/J) was
the highest. The UEV of the CLC was lower than CC cases because the carbon tax
effect was included in the CC cases, except case 4 (4.04E+05 sej/J). The UEV of case
4 was higher than CC cases because the demand for natural gas of case 4 was the
highest among all case studies. The UEV of case 6 (3.04E+05 sej/J) was slightly
higher than case 5 because the demand for natural gas of case 6 was higher than case
5.

For EYR, ELR and ESI comparison, N, F, and R of CC cases were higher than
CLC cases. The low value of F in CLC cases was the reason for obtaining high EYR,
which indicated the high stability of the process. Accordingly, the stability of CLC
cases was higher than in CC cases. The emergy flow of oxygen carrier (NiO) in CLC
cases was higher than solid sorbent (Na2COs). The emergy flow of solid was included
in F. Therefore, the %F was high and %R was low in CLC cases. The high value of
%R in CC cases was the reason for obtaining low ELR, which indicated the low
loading to the environment. The analysis showed that the environmental loading in
the case of CLC cases was higher than those of CC cases. Eventually, the
sustainability of the process has to consider both the process yield and the
environmental loading and the ESI is an indicator which is the ratio between EYR and
ELR. It was found that the ESI of the CLC cases were higher than those of CC cases.
It shows that the CLC cases were more sustainable than the CC cases. The rank of the

ESI of all case studies was 4, 6, 5, 2, 1, and 3, respectively.
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Table 6.5 Case 1 (CC and HAT without CO; capture)

Emergy flow

Note Amount Unit UEVSs @ejunity Sejyy % Emergy
Purchase Resources )
Na,COs 0.00E+00 Sy 173E+12 0.00E+00 0.00
Al,O3 0.00E+00 Sy 173E+12 0.00E+00 0.00
Investment cost 4 56E+06 Sy 173E+12 789E+18 154
Manufacturing and service cost 217E+07 $/y 173E+12 3.76E+19 7.35
Carbon tax 8.46E+06 Sy 173E+12 146E+19 2.86
Local Renewable Resources (R)
Water 508E:06 kgy 6.64E+08 3.37E+15 0.00
O inair 597E:08 kgy 516E+10 3.08E+19 6.02
Local Nonrenewable Resources (N)
Natural gas 3.01E+15 J/y 1.40E+05 421E+20 8223

Total emergy 5.12E+20
Product
Electricity 158E+15  Jy 3.24E+05

1) Natural gas Jiy)- Mass flow rate (7,176.02 kg/h)x Heat value 47.81 x 10°Jkg) X (8,760 hy)=3.01 x
105 Jyy)
2) Nnp=Total unit of compressor, tower, heat exchanger and reactor =9 (unit)
Nov = Number of operators per shift =(6.29 + 31.7P2+ 0.23Nnp)*® - 6.33 (personssshift)
P = Number of solid process =1
3.5 shiftsd
Total number of labors (persons)= Shifts per day x NoL=3.5 x 45.18 (personsshift)=23 (persons)
Cost of operating labor cost $/persony)=12,775 $persony)
Total labor cost = Cost of operating labor cost x Total number of labors = 12,775 ($/persony) x 23 =
293,825.00 $y)
3) Manufacturing and service cost $/y)=0.18(Fixed capital investment cost) + 2.735(Labor cost)=0.18 x
(116,230,649.11 $1y)+ 2.735 x (293,825.00 $y)=21,725,12821 $
Fixed capital investment cost = Equipment cost /0.2235 = 25,973,32941/02235-116,230,649.11 $
4) Investment cost $y)=Total equipment cost (136,741,940.13 $)Plant lifetime 30 y)
Carbon tax $y)=49 $ton CO, emission)x 172,656.12 tony)
5) Mass flow of water kgy) - Total mass flow ratery + Make up watery =5,075,994.77 kgry)
Make up water (kgy)=20% of Total mass flow rate
6) Global EMR -1.73 x 10% sej/$ [16]
7) UEV of water and O; in air.[85]
8) UEV of natural gas.[124]
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Table 6.6 Case 2 (CC with HAT and 96.27% CO- capture)

UEVs Emergy flow

Note Amount  Unit sejunity Sejy) % Emergy
Purchase Resources )
Na,COs 431E+04 Sy 173E+12 7.46E+16 001
Al,O3 351E+05 Sy 173E+12 6.07E+17 011
Investment cost 556E+06 $/y 173E+12 961E+18 170
Manufacturing and service cost 3.11E+07 $/y 173E+12 537E+19 953
Carbon tax 353E+05 $y 173E+12 6.11E+17 011
Local Renewable Resources (R)
Water 437E+08  kgy 6.64E+08 290E+17 0.05
Oy in air 659E+08  kgy 516E+10 340E+19 6.03
Local Nonrenewable Resources (N)
Natural gas 3.32E+15 Jy 140E+05 4.65E+20 8245
Total emergy 5.64E+20
Product
Electricity 158E+15 Jy 3.58E+05
1) Natural gas Jiy)- Mass flow rate (7,929.79 kg/h) x Heat value 47.81 x 10°Jkg) X (8,760 hy)=3.32 x
10 Jyy)
2) Nnp=Total unit of compressor, tower, heat exchanger and reactor = 25 unit)
Nov = Number of operators per shift -(6.29 + 31.7P2+ 0.23Nnp)*® - 45.18 (personssshift
P = Number of solid process =8
3.5 shiftsd
Total number of labors (persons)= Shifts per day x Nor =35 x 45.18 (personsshift)= 159 (persons)
Cost of operating labor cost $/persony)=12,775 $personsy)
Total labor cost = Cost of operating labor cost x Total number of labors = 12,775 $/persony)x 159 =
2,031,225.00 &)
3) Manufacturing and service cost $/y)=0.18(Fixed capital investment cost) + 2.735(Labor cost)=0.18 x
(141,680,024.44 $1y)+2.735 x (2,031,225.00 $y) - 31,057,804.77 $
Fixed capital investment cost = Equipment cost /0.2235 - 31,660,340.66/0.2235 - 141,680,024 44 $
4) Investment cost $y)-Total equipment cost (166,682,381.69 $)Plant lifetime 30 y)
Carbon tax &1y)=49 $ton CO2 emission)x 7,212.04 tony)
5) Mass of Na2COs kg)=Solid metal inventory 700 kgy/MW thermal) [108] x (MW thermal of case
study) x Batch of solid = 700 kgy x 105.32 MW thermal x 1.95 -143,755.41 kgy
MW thermal of case study - 50 MW powerthermal efficiency ) x 100 =50 MW power / 47.48 X
100 =105.32 MW thermal
Lifetime of solid particles 4,500 h
Batch of solid =8750 hy Lifetime of solid particle 4500 h)=1.95
6) Mass flow rate of Al,O3 kgyy)=Mass flow rate of Na,COs/%Mass loading of Na,COz) x (100 -
%Mass loading of Na,COs)=(143,755.41 kg /(17)x (100 - 17)x 100 = 701,864.65 kgyy
% Mass loading of Na,COs3=17%
7) Mass flow of water (kgry)=Total mass flow ratery + Make up watery =436,632,711.17 kgry)
Make up water (kg/y) =20+ of Total mass flow rate
8) Cost of Na,CO;=0.3 $kg

9

Cost of Al,03=05 $kg
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UEVs Emergy flow
Note Amount  Unit sejunity Sejy) % Emergy
Purchase Resources )
Na,COs 408E+04 %y 173E+12 705E+16 001
Al,O3 332E+05 %y 173E+12 574E+17 011
Investment cost 550E+06 $/y 173E+12 952E+18 178
Manufacturing and service cost 2.88E+07 $/y 173E+12 497E+19 9.29
Carbon tax 197E+06 $/y 173E+12 340E+18 064
Local Renewable Resources (R
Water 198E+08 kgy 6.64E+08 132E+17 0.02
Oy in air 6.23E+08  kgy 5.16E+10 3.22E+19 6.01
Local Nonrenewable Resources (N)
Natural gas 3.14E+15 Jy 140E+05 4 40E+20 8214
Total emergy 2.39E+20
Product
Electricity 158E15  Jy 339E+05
1) Natural gas Jry)= Mass flow rate (7,496.76 kg/hr) x Heat value 47.81x 10°Jkg) x 8,760 hry)-3.14
x 10" Jry)
2) Nnp=Total unit of compressor, tower, heat exchanger and reactor = 18 unit)
Nov = Number of operators per shift -(6.29 + 31.7P2+ 0.23Nnp)*® - 28.34 (personssshift)
P = Number of solid process =5
3.5 shiftsd
Total number of labors (persons)= Shifts per day x No.=3.5 x 11.75 (persons/shift)= 100 (persons)
Cost of operating labor cost ($/persony)=12,775 $personsy)
Total labor cost = Cost of operating labor cost x Total number of labors = 12,775 ($/persony) x 18 -
1,277,500.00 &)
3) Manufacturing and service cost $y)=0.18(Fixed capital investment cost) + 2.735(Labor cost)=0.18 x
(140,316,307.71 $1y)+ 2.735 x (1,277,500.00 $1y)=28,750,897.89 $
Fixed capital investment cost = Equipment cost /0.2235 = 31,355,599.49,0.2235 -140,316,307.71 $
4) Investment cost $y)-Total equipment cost (165,078,009.07 $)Plant lifetime 30 y)
Carbon tax &1y)=49 $ton CO; emission)x 40,115.23 tony)
5) Mass of Na2COs kg)=Solid metal inventory 700 kgy/MW thermal) [108] x (MW thermal of case
study) x Batch of solid = 700 kgy x 99.57 MW thermal x 1.95 = 135,914.03 kgy
MW thermal of case study =50 MW powerthermal efficiency ) x 100 =50 MW power /50.22 X
100 =99.57 MW thermal
Lifetime of solid particles 4,500 h
Batch of solid =8750 hy Lifetime of solid particle 4500 h)=1.95
6) Mass flow rate of Al,O3 kgyy)=Mass flow rate of Na,COs/%Mass loading of Na,COz) x (100 -
%Mass loading of Na,COs)=(135,914.03 kg /(17)x (100 - 17)x 100 =663,580.24 kgyy
% Mass loading of Na,COs=17%
7) Mass flow of water (kgry)=Total mass flow ratery + Make up wateryy =198,081,277.44 (kgyy)
Make up water (kg/y) =20+ of Total mass flow rate
8) Cost of Na,CO;=0.3 $kg

9

Cost of Al,03=05 $kg
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Table 6.8 Case 4 (CLC without HAT)

UEVs  Emergy flow

Note Amount  Unit sejunity sejy)y % Emergy
Purchase Resources )
Ni 2.28E+06 $y 173E+12 394E+18 062
Al,O3 453E+05 $y 173E+12 7.83E+17 012
Investment cost 3.80E+06 Sy 173E+12 6.58E+18 103
Manufacturing and service cost 189E+07 $/y 173E+12 327E+19 513
Carbon tax 0.00E+00 $/y 173E+12 0.00E+00 0.00
Local Renewable Resources (R)
Water 264E+08  kgy 6.64E+08 175E+17 0.03
Oy in air 6.69E+08  kgy 516E+10 345E+19 542
Local Nonrenewable Resources (N) 545
Natural gas 399E+15 Jy 140E+05 558E+20 87.65
Total emergy 6.37E+20
Product
E|ectricity 158E+15 Jy 4.04E+05
1) Natural gas Jry)= Mass flow rate (9,521.18 kg/h) x Heat value 47.81x 10°Jkg) X (8,760 hriy)-
399E+15 dJy)
2) Nnp=Total unit of compressor, tower, heat exchanger and reactor = 13 unit)
Nov = Number of operators per shift =(6.29 + 31.7P2+ 0.23Nnp)*® = 11.67 (personssshift)
P = Number of solid process =2
3.5 shiftsd
Total number of labors (persons)- Shifts per day x NoL=35x 11.71 (personssshift)=41 (persons)
Cost of operating labor cost $/personyean=12,775 @persony)
Total labor cost = Cost of operating labor cost x Total number of labors = 12,775 ($/persony) x 41 -
523,775.00 $ry)
3) Manufacturing and service cost $/y)=0.18(Fixed capital investment cost) + 2.735(Labor cost)=0.18 x
(96,915,222 38 $1y)+ 2.735 x (523,775.00 $/y)- 18,877,264.65 $
Fixed capital investment cost = Equipment cost /0.2235 = 21,657,032.93/0.2235 -96,915,222.38 $
4) Investment cost $y)-Total equipment cost (114,017,908.69 $)Plant lifetime 30 y)
5) Mass of Ni (kg = Solid metal inventory 700 kgy/MW thermal) [108] x (MW thermal of case study)
x Batch of solid = 700 kg/y x 126.34 MW thermal x 1.95 -172,44953 kgiy
MW thermal of case study =50 MW powerthermal efficiency ) x 100 =50 MW power / 39.58 X
100 =126.34 MW thermal
Lifetime of solid particles 4,500 h
Batch of solid =8750 hy Lifetime of solid particle 4500 h)=1.95
6) Mass flow rate of Al,O3 kgyy)=Mass flow rate of Ni/Mass loading of Ni)x (100 -«Mass loading
of Niy=(172,44953 kgry)/ (16)x (100 - 16y x 100 = 905,360.03 kgy
% Mass loading of Ni =16+
7) Mass flow of water (kgry)=Total mass flow ratery + Make up wateryy =263,979,886.59 (kgry)
Make up water (kg/y) =20+ of Total mass flow rate
8) Cost of Ni-132 $kg

9

Cost of Al,03=05 $kg
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Table 6.9 Case 5 (CLC with HAT high heat recovery)

Emergy flow
Note Amount Unit UEVs sejunit sejyy % Emergy
Purchase Resources )
Ni 161E:06 %y 173E+12 2.79E+18 060
Al,O3 321E+05 %y 173E+12 555E+17 012
Investment cost 407E+06  $y 173E+12 7.04E+18 151
Manufacturing and service cost 202E+07 $/y 173E+12 349E+19 749
Carbon tax 0.00E+00 $/y 173E+12 0.00E+00 0.00
Local Renewable Resources (R
Water 198E+08 kgy 6.64E+08 132E+17 0.03
Oy in air 474E+08 kgy 516E+10 244E+19 525
Local Nonrenewable Resources (N)
Natural gas 282E+15 Jy 140E+05 3.95E+20 8499
Total emergy 4.65E+20
Product
E|ectricity 158E+15 Jy 2.95E+05
1) Natural gas Jiy)- Mass flow rate 6,742.20 kg/h) x Heat value 47.81 x 10°Jkg) X (8,760 hy)=2.82 x
105 Jyy)
2) Nnp=Total unit of compressor, tower, heat exchanger and reactor =22 unit)
Nov = Number of operators per shift =(6.29 + 31.7P2+ 0.23Nnp)*® = 11.75 (personssshift)
P = Number of solid process =2
3.5 shiftsd
Total number of labors (persons)= Shifts/d X NoL =35 x 11.75 (personsshifty=42 persons)
Cost of operating labor cost $/persony)=12,775 $persony)
Total labor cost = Cost of operating labor cost x Total number of labors = 12,775 ($/persony) x 42 -
536,550.00 $1y)
3) Manufacturing and service cost $/y)=0.18(Fixed capital investment cost) + 2.735(Labor cost)=0.18 x
(103,794,020.84 $1y)+2.735 x (536,550.00 $1y)=20,150,388.00 $
Fixed capital investment cost = Equipment cost /0.2235 =23,194,194.60,0.2235 - 103,794,020.84 $
4) Investment cost $y)=Total equipment cost (122,110,612.75 $)Plant lifetime 30 y)
5) Mass of Ni (kg = Solid metal inventory 700 kgy/MW thermal) [108] x (MW thermal of case study)
x Batch of solid = 700 kg/y x 89.55 MW thermal x 1.95 = 122,234.08 kgiy
MW thermal of case study =50 MW powerthermal efficiency ) x 100 =50 MW power /55.84 x
100 =89.55 MW thermal
Lifetime of solid particles 4,500 h
Batch of solid =8750 hy Lifetime of solid particle 4500 h)=1.95
6) Mass flow rate of Al,O3 kgyy)=Mass flow rate of Ni/Mass loading of Ni)x (100 -«Mass loading
of Niy=(122,234.08 kgry)/(16)x (100 -16)x 100 - 641,728.91 kgy
% Mass loading of Ni =16+
7) Mass flow of water (kgry)=Total mass flow ratery + Make up wateryy =198,272,179.10 kgry)
Make up water (kg/y) =20+ of Total mass flow rate
8) Cost of Ni-132 $kg

9

Cost of Al,03=05 $kg
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UEVs Emergy flow

Note Amount  Unit sejunity sejy)  w Emergy
Purchase Resources )
Ni 169E-06 Sy 173E+12 292E+18 061
Al,O3 167E+05 Sy 173E+12 2.89E+17 0.06
Investment cost 345E+06 Sy 173E+12 597E+18 125
Manufacturing and service cost 1.73E-07 Sy 173E+12 3.00E+19 6.25
Carbon tax 0.00E+00 Sy 173E+12 0.00E+00 0.00
Local Renewable Resources (R)
Water 1.92E+08 kgy 6.64E+08 1.28E+17 003
O inair 497E+08 kgy 5.16E+10 257E+19 536
Local Nonrenewable Resources (N)
Natural gas 2.96E+15 Jy 1.40E+05 4.14E+20 8644

Total emergy 4.79E+20
Product
Electricity 158E-+15 Jy 3.04E+05

1) Natural gas Jiy)- Mass flow rate (7,060.57 kg/h)x Heat value 47.81 x 10°Jkg) X (8,760 hy)=2.96 x

105 Jyy)

2) Nnp=Total unit of compressor, tower, heat exchanger and reactor = 18 unit)

Nov = Number of operators per shift =6.29 +31.7P?+0.23Nnp)*® = 11.71 (personssshift)

P = Number of solid process =2
3.5 shiftsd

Total number of labors (persons)= Shifts/d X No.=3.5 X 11.71 (persons/shift)=42 (persons)

Cost of operating labor cost $/persony)=12,775 $personsy)

Total labor cost = Cost of operating labor cost x Total number of labors = 12,775 ($/persony) x 42 -

536,550.00 $1y)

3) Manufacturing and service cost $/y)=0.18(Fixed capital investment cost) + 2.735(Labor cost)=0.18 x

(88,040,626.92 $y)+ 2735 x (536,550.00 $y)=17,314,777.10 $

Fixed capital investment cost = Equipment cost /0.2235 - 19,673,883.11/0.2235 -88,040,626.92 $
4) Investment cost $y)=Total equipment cost (103,577,208.14 $)Plant lifetime 30 y)
5) Mass of Ni (kg = Solid metal inventory 700 kgy/MW thermal) [108] x (MW thermal of case study)
x Batch of solid = 700 kg/y x 93.78 MW thermal x 1.95 = 128,006.92 kgiy
MW thermal of case study =50 MW powerthermal efficiency ) x 100 =50 MW power /53.32 X

100 =93.78 MW thermal
Lifetime of solid particles 4,500 h

Batch of solid =8750 hy Lifetime of solid particle 4500 h)-1.95

6) Mass flow rate of Al,O3 kgyy)=Mass flow rate of Ni/:Mass loading of Ni)x (100 -«Mass loading
of Ni)=(128,00692 kgry)/27.7)x (100 - 27.7)x 100 = 334,11193 kgy

% Mass loading of Ni =277+

7) Mass flow of water (kgry)=Total mass flow ratery + Make up wateryy =192,294,365.62 (kgry)

Make up water (kg/y)=20% of Total mass flow rate
8) Cost of Ni-132 $kg
9) Cost of Al,03=05 $kg
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UEV EYR
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1 1
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Fig. 6.1 The sensitivity of natural gas to EYR, ELR, ESI and UEV.

6.3.3.7 The sensitivity of emergy analysis.

The high value of ESI could be obtained by decreasing the ELR or increasing
the EYR. From Tables 6.5 to 6.10 the emergy of natural gas was the largest fraction
of the total emergy in all cases. Subsequently, the variation of natural gas emergy
would highly affect the sustainability assessment of these processes. Natural gas was
the only component of N. The increase of natural gas would reduce the ESI since it
increased the ELR higher than the EYR. The UEV was another significant parameter
of the emergy analysis that was used for comparing process performance. The UEVs

in Fig. 12 were calculated from the total emergy flow divided by the emergy of power
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production. The increase of natural gas's emergy would increase total emergy, which
was the cause of increasing UEV of power production. On the other hand, the
decrease in natural gas emergy would decrease the UEV. The 20% variation of natural
gas emergy gave the UEV in the range of 2.51E+05 and 4.75E+05 sej/J, which was
close to the UEV of power production in other studies ( 8.05E+ 04 sej/J) [125].
Subsequently, ESI for each case study was in the range of 0.55 and 0.84. The 20%
variation of natural gas emergy value did not change the rank of sustainability of all
the case studies when compared with the base case. This sensitivity confirmed that the
result from the emergy analysis was reliable comparing to other studies [123, 126-
128].

From the result of the reactor cost calculation in chapter 5, the cost of the
reactor which calculated from the hydrodynamics investigation was increased from $
1.0eE+5 — 4.2E+5 to be $ 8.7E+5 — 2.0E+6 with different considered reactors.
However, the equipment cost and the manufacturing cost was accounted for only 10%
of the total emergy. The reactor cost calculated based on data from chapter 5 was not
highly affected the sustainability of the process. Besides, the increased equipment cost
affected the F fraction. The trend from the increase in equipment cost would give the

result similar to the sensitivity investigation.

6.3.3.8 Another scenario. natural gas as an imported resource

This investigation is to explore the significance of domestic or foreign
resources on system sustainability. In the previous section, natural gas was considered
a nonrenewable local resource. Thus, its contribution was included in the N. However,
in this section, natural gas was considered as an imported resource. Therefore, its
contribution would be included in the F. When natural gas was an imported resource,
it does not change the values of UEV and ELR. However, it led to the decreased
EYR because the numerator decreased. The results of the analysis are summarized in
Tables 6.11 and 6.12. The sustainability of the process, ESI, decreased when
resources of the process highly depended on the external resources. It was also noted
that the EYR decreased drastically and the ESI of CC cases was slightly higher than
CLC cases, which contradicted the former scenario. The ESIs of all cases were much

lower than those of domestic natural gas cases. However, the CC case with the CO>
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capture process, case 2, provided slightly better ESI than the other cases. Comparing
these two scenarios, the ESI of the former scenario was much higher than the latter.
That is, if natural gas were a domestic resource, the system would be more self-
sufficient. The analysis also shows not only process technology but also the sources of
the major raw materials that determine the sustainability of power production.

Table 6.11 The F, L, R and N fractions of each case study when natural gas was

included in the F fraction.

Case Process description F (sej’Y) R (sej/Y) N (sej/’Y)

CC and HAT without CO,

1 4.81E+20 | 3.08E+19 0
capture
CC with HAT and 96.27% CO,

2 5.30E+20 | 3.43E+19 0
capture
CC with HAT and 77.76% CO;

3 5.03E+20 | 3.23E+19 0
capture

4 CLC without HAT 6.02E+20 | 3.47E+19 0
CLC with HAT high heat

5 4.41E+20 | 2.46E+19 0
recovery
CLC with HAT low heat

6 4.53E+20 | 2.58E+19 0
recovery
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Table 6.12 Emergy indicators of each case study when natural gas was included in F

fraction.
Case Process description UEV EYR | ELR ESI
CC and HAT without CO-
1 3.24E+05 | 1.064 | 15.615 | 0.0681
capture
CC with HAT and 96.27%
2 3.58E+05 | 1.065 | 15.433 | 0.0690

CO. capture

CC with HAT and 77.76%
3 3.39E+05 | 1.064 | 15.569 | 0.0684
CO. capture

4 CLC without HAT 4.04E+05 | 1.058 | 17.363 | 0.0609
CLC with HAT high heat

5 2.95E+05 | 1.056 | 17.933 | 0.0589
recovery
CLC with HAT low heat

6 3.04E+05 | 1.057 | 17.577 | 0.0601
recovery

6.4 The three analysis tools comparison

From the evaluation, it was found that the best case was depended on the types
of analysis. In this study, three types of analysis for decision making were considered
based on thermal efficiency, economic performance, and emergy evaluation. The
thermal efficiency indicated the effectiveness of fuel usage. Case 5 was the best
solution since it gave the highest efficiency (55.84%). The ranking of thermal
efficiency was 5, 6, 1, 3, 2, 4. This analysis should not be selected because the process
without CO, management (case 1) would be selected before the process CO:
management (case 2, 3 and 4). The economic analysis indicated the profit for
investment. Case 6 was best solution which it had 20.69 % IRR and 4.60 y of the
payback period. When the environmental impact was included in economic analysis
by include carbon tax, the ranking of economic performance was not changed.
However, the emergy analysis also gave a different conclusion from the former
analyses. The emergy analysis showed that case 4 was the best case because it had the
highest ESI (0.835). The high ESI indicated the high sustainability. In emergy

analysis, UEV indicated the usage of global resource, EYR indicated the economic
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performance, ELR indicated the environmental loading, and ESI indicated the
sustainability. Accordingly, the perspective of thermal efficiency and economic
analysis were included in the emergy analysis. Case 5 was the best case in only the
effectiveness of resources usage but low economic performance. Case 6 was the best
case in economic performance, but the sustainability of case 6 was lower than case 4.
Even though, the thermal efficiency of case 6 was low, but it was the highest
sustainability. Accordingly, the resource usage, the economic performance and the
environmental impact of case 4 was the best in the long period which could be
operated with stability.

6.5 Conclusion

The main objective of this study was to evaluate technologies and their
operations for decision making on power production. The effects of combustion types
(CC and CLC), the CO2 capture efficiency, and the process configuration and
operation were investigated. Since the emergy index is a holistic parameter that takes
many factors into account, which were resource management, economics,
environment, and sustainability, ESI. Accordingly, emergy analysis could be the
better decision-making indicator. From the above analysis, case 4 could be the
solution to this power production since it had high sustainability index and relatively
high economic performance. The result also indicated that thermal efficiency alone
was not adequate for the conclusion of technology selection since it considered only
the efficient use of energy while ignoring other operating factors. The economic
analysis had included all costs of the built plant, but it did not consider the
environmental burden. Thus, the carbon tax or environmental tax could improve the
economic model to satisfy both economic and environmental issues. However, some
natural resources or environmental capitals were also not included in the current
economic model. On the contrary, the emergy analysis was the tool that incorporates
various factors from several dimensions, such as natural resources, human workforce,
economics, environment, and others, into the analysis so that the evaluation could

give a better holistic view of the solution than the former analyses.
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Chapter 7
Conclusion and suggestion
Conclusion of the study

This study investigated the chemical looping combustion (CLC) process
improvement for power production from energy management, system hydrodynamics,
and a sustainability perspective.

In the first part, energy management was investigated to achieve the highest
thermal efficiency of the CLC process with the HAT cycle for power production. The
limitation of previous studies of the CLC study has individually investigated the effect
of each parameter. However, the synergistic of the parameters in the system may
influence each other. In this study, the 3% factorial design was used for exploring these
parametric effects and indicating their interaction with the systematic treatment. The
power production from the air reactor is 2-5 times higher than the power production
from the fuel reactor. Therefore, the parameters that might affect the power
production from AR were selected, which including of 1) pressure of air reactor, 2)
the number of air compressors, 3) compression ratio and 4) air flow rate. All of the
case studies were simulated by Aspen plus program. The result indicated the pressure
of the air reactor and compression method highly affected the thermal efficiency. The
high pressure and method 3 provided high thermal efficiency. Method 3 provided
high thermal efficiency because it led to the highest temperature discharged from the
compression, which contributed to high power production from the air reactor and
high thermal efficiency. With the systematic investigation, the thermal efficiency of
the CLC process with the HAT cycle had higher than the previous study (57.7%). The
optimum operating condition from this section would be used in the second and last
parts.

In the second part, CLC could be used with solid and gaseous fuels. The
challenge of solid fuel operation is incomplete combustion because of the slow
gasification rate. The challenge of gaseous fuel operation is the improper operating
condition, which provides the CO. emission to the environment. Accordingly, the
operating conditions are crucial for suitable hydrodynamics achievement and the
CO: capture efficiency of the system. The dual circulating fluidized bed

reactor (DCFBR) was selected for the CLC system and investigated its operation by
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2-D computational fluid dynamics (CFD) simulation. The CFD simulation was
conducted by solving three conservative equations; continuity, momentum and energy
of the considered system. The Eulerian method and the kinetic theory of granular flow
were also used in this study. In this section, there were 2 objectives. First, it is to
specify the suitable hydrodynamics’ operating condition in the full-loop DCFBR for
the CLC process. Second, hydrodynamic investigation of operating condition which
achieved high thermal efficiency. The result for the solid fuel, the system
hydrodynamics had validated with the experimental data before the model was further
used in the study. The result of the operating conditions indicated that the low
temperature and the low ratio of coal velocity to the oxygen carrier’s weight provided
the best performance of this system. For the gaseous fuel, the obtained operating
conditions from the former investigation were used in this part. The result indicated
high pre-exponential factor, low initial solid volume fraction (VOF), low velocity, and
low CHs mass fraction in feed increased temperature and conversion. After that, the
reactor size was estimated to provide the reactor cost. It will be used for economic and
emergy analyses. Suitable hydrodynamic behavior provides good mixing and correct
flow direction. From the simulation, it suggested keeping low velocity and low solid
in the reactor. For the actual operation, the pressure balance at the loop seal was a
crucial point to operate to obtain good hydrodynamic behavior, which provides the
high performance of the CLC reactor.

In previous CLC study, the improvement of CLC had been developed only the
efficiency and economic analysis viewpoints. However, the CLC process in
sustainability improvement had not been investigated. In the last part of the
study, three analyses, which were energy performance, economics, and sustainability,
were evaluated to identify the best case of the CLC process by aiming to enhance the
process sustainability. The emergy analysis investigated the sustainability of the
process. Besides, six case studies were investigated to identify the effects of the
combustion types (conventional combustion (CC) and CLC) and the system
configuration (CO2 capture stages and operating conditions). The case studies
included 1) CC without CO: capture, 2) CC with HAT at 96.22% CO. capture, 3) CC
with HAT at 77.76% CO- capture, 4) CLC without HAT, 5) CLC with HAT with high
heat recovery, and 6) CLC with HAT with low heat recovery. The result indicated the
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best-case study depending on the analysis, which obtained a different viewpoint.
However, the emergy analysis expressed the holistic perspective, including the
resource, the competition of investment, environmental loading, and sustainability.
The sustainability of CLC was higher than in CC cases. The configuration and
operating conditions affected the sustainability of the process. Case 4 was the
best-case study because it obtained the highest sustainability since its local resource
fraction was the highest. It reflected the self-sufficiency of this case was higher than
others. The result indicated that the further improvement of the CLC process to
achieve high sustainability was the increase of local resource dependence, especially
the renewable local resource. On the other hand, when considering the process from
the global viewpoint, case 5 will be the best since its UEV was the lowest. It implies

the least natural resource consumption of the considered process.

Suggestion for the further study

The improvement of the CLC process in the perspective of sustainability was a
novel investigation. From the emergy analysis, there are various potential factors to
improve the CLC process’s sustainability. First, by increasing the local renewable
resources, the sustainability of process will be increased. O in air and water are
counted as the local renewable resources. The uses of Oz in air and water in the
system should be systematically investigated against the optimal sustainability index.
The fuel for the fuel reactor could be changed to local renewable fuel, such as
biomasses. Second, the type and life of an oxygen carrier should be considered since
the oxygen carrier’s transformity was high. Therefore, oxygen carrier materials with
the same performance, but lower transformity should be investigated. The life
expectancy of the oxygen carrier should also be considered since it will reduce its
annual consumption. However, the materials’ reactivity will also affect reactor
hydrodynamics. Changing the oxygen carrier could need the reactor hydrodynamic

investigation.
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Index
The information for hydrodynamic investigation in chapter 5.
The heat capacity of all species in the mixtures was provided for consistent
with Eg. 1.1, as shown in Fig. I.1. The input data was shown in Table I.1. The heat of

formation of mixtures was shown in Table 1.2.

Cp = Cy + CoT + C3T? + C,T3 + CsT* + CT® (1.1)

Define In Terms of Ranges

Cp Temperature |2 :
Range  Minimum Maximum Coefficients

1 2|50 1500 5 -
Coefficients

1/930.34 2 -0.3829 3 0.0016 4 -2e-06

5|8e-10 6 |-le-13 7 8

m Cancel | @|

Fig. I.1. The form of heat capacity in Ansys fluent programs

Table 1.1 The input data for the heat capacity of the mixtures

Species C1 Cc2 C3 C4 C5 C6
Ni 4.983E-01 6.451E-05
NiO 6.330E-01 1.204E-04
Al203 4.515E-01 1.500E-03 ~ -9.000E-07  2.000E-10
CHa 2.200E+03 -2.620E+00  1.230E-02  -1.000E-05  3.000E-09
02 9.303E+02 -3.829E-01  1.600E-03  -2.000E-06  8.000E-10  -1.000E-13
N2 1.040E+03 2.260E-02  -4.000E-04  1.000E-06  -1.000E-09  3.000E-13
H20 1.874E+03 -4.006E-01  1.500E-03  -9.000E-07  2.000E-10  2.000E-15
CO2 6.420E+02 -4.260E-02  4.000E-03  -7.000E-06  5.000E-09  -1.000E-12




Table 1.2 The heat of formation of the mixtures.

Species Standard state
enthalpy (J/kmol)
Ni 0
NiO -2.44E+08
Al;O3 -1.67E+09
CHgs -7.45E+07
(0)) 0
N2 0
H20 -2.42E+08
CO: -3.94E+08
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