
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

SUSTAINABILITY ASSESSMENT OF POWER  
PRODUCTION BY CHEMICAL LOOPING  

COMBUSTION 
 

Miss Watchara Uraisakul 
 

A  Dissertation Submitted in Partial Fulfillment of the Requirements 
for the Degree of Doctor of Philosophy in Chemical Technology 

Department of Chemical Technology 
FACULTY OF SCIENCE 

Chulalongkorn University 
Academic Year 2020 

Copyright of Chulalongkorn University 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

การประเมินความยั่งยืนของการผลิตไฟฟ้าโดยการเผาไหม้แบบเคมิคอลลูปงิ 
 

น.ส.วัชรา อุไรสกุล  

วิทยานิพนธ์นี้เป็นส่วนหนึ่งของการศึกษาตามหลกัสูตรปริญญาวิทยาศาสตรดุษฎีบัณฑิต 
สาขาวิชาเคมีเทคนิค ภาควิชาเคมีเทคนิค 

คณะวิทยาศาสตร์ จุฬาลงกรณ์มหาวิทยาลัย 
ปีการศึกษา 2563 

ลิขสิทธ์ิของจุฬาลงกรณ์มหาวิทยาลัย  
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 
 

 
 

Thesis Title SUSTAINABILITY ASSESSMENT OF POWER  PRODUCTION BY 
CHEMICAL LOOPING  COMBUSTION 

By Miss Watchara Uraisakul  
Field of Study Chemical Technology 
Thesis Advisor Professor PORNPOTE PIUMSOMBOON, Ph.D. 
Thesis Co Advisor Associate Professor BENJAPON CHALERMSINSUWAN, Ph.D. 

  
 

Accepted by the FACULTY OF SCIENCE, Chulalongkorn University in Partial 
Fulfillment of the Requirement for the Doctor of Philosophy 

  
   

 

Dean of the FACULTY OF SCIENCE 

 (Professor POLKIT SANGVANICH, Ph.D.) 
 

  
DISSERTATION COMMITTEE 

   
 

Chairman 

 (Associate Professor PRASERT REUBROYCHAROEN, Ph.D.) 
 

   
 

Thesis Advisor 

 (Professor PORNPOTE PIUMSOMBOON, Ph.D.) 
 

   
 

Thesis Co-Advisor 

 (Associate Professor BENJAPON CHALERMSINSUWAN, Ph.D.) 
 

   
 

Examiner 

 (Associate Professor PRAPAN KUCHONTHARA, Ph.D.) 
 

   
 

Examiner 

 (Professor SUTTICHAI ASSABUMRUNGRAT, Ph.D.) 
 

   
 

External Examiner 

 (Associate Professor Thumrongrut Mungcharoen, Ph.D.) 
 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 iii 

ABS TRACT (THAI) 
 วัชรา อุไรสกุล : การประเมินความยั่งยืนของการผลติไฟฟ้าโดยการเผาไหม้แบบเคมิคอลลูปงิ. ( 

SUSTAINABILITY ASSESSMENT OF POWER  PRODUCTION BY CHEMICAL LOOPING 
 COMBUSTION) อ.ที่ปรึกษาหลัก : ศ. ดร.พรพจน์ เปี่ยมสมบูรณ์, อ.ที่ปรึกษาร่วม : รศ. ดร.
เบญจพล เฉลิมสินสุวรรณ 

  
งานวิจัยนี้ได้ศึกษาการปรับปรุงประสิทธิภาพของกระบวนการเคมิคอลลูปิงสำหรับการผลิตไฟฟ้า ซึ่งเป็นการ

พัฒนาใน 3 แนวทางนั่นคือ การจัดการพลังงาน อุทกพลศาสตร์ของเคร่ืองปฏิกรณ์ และความย่ังยืนของกระบวนการ ใน
ส่วนแรก นำการออกแบบการทดลองแบบ 3k แฟกทอเรียลมาใช้เพื่ออธิบายผลกระทบของตัวแปรดำเนินการท่ีมีต่อ
ประสิทธิภาพเชิงความร้อนของกระบวนการเคมิคอลลูปิงท่ีดำเนินการควบคู่กับวัฏจักรแก๊สอากาศชื้นอย่างเป็นระบบ  โดย
ชุดตัวแปรดำเนินการอันประกอบด้วย A) ความดันของเคร่ืองปฏิกรณ์อากาศ B) จำนวนข้ันของการอัดอากาศ C) วิธีการ
ดำเนินการของการอัดอากาศ และ D) อัตราการไหลของอากาศ จากการศึกษาพบว่า ค่าประสิทธิภาพความร้อนมีค่าสูงสุด
ท่ีได้คือ 55.87 % ท่ีภาวะของการดำเนินการ (A) 15 บรรยากาศ (B) 7 ข้ัน  (C) แบบท่ี 3 และ (D) 61,000 กิโลโมล/
ชั่วโมง นอกจากนั้นยังพบว่า สามารถเพิ่มค่าประสิทธิภาพเชิงความร้อนให้มีค่าสูงข้ึนเป็น 57.67% ด้วยการเพิ่มปริมาณ
ของนิกเกิลบนตัวรองรับอะลูมินาเป็น 28% ในส่วนท่ีสอง เลือกใช้เคร่ืองปฏิกรณ์ฟลูอิไดซ์เบดหมุนเวียนแบบสองหอ
สำหรับกระบวนการเคมิคอลลูปิงและศึกษาการเดินกระบวนการผ่านการจำลองพลศาสตร์ของไหลเชิงคำนวณแบบ 2 มิติ 
ผลการศึกษาสำหรับเชื้อเพลิงของแข็งพบว่า ท่ีภาวะอุณหภูมิต่ำและอัตราส่วนระหว่างความเร็วของถ่านหินต่อน้ำหนักของ
ตัวพาออกซิเจนต่ำ เป็นภาวะท่ีให้ประสิทธิภาพสูงที่สุด ส่วนผลของการศึกษาสำหรับเชื้อเพลิงแก๊ส พบว่า ตัวแปรพรีเอกซ์
โพเนนเชียลท่ีมีค่าสูง อัตราส่วนโดยปริมาตรของของแข็งท่ีมีค่าต่ำ ความเร็วท่ีมีค่าต่ำ และอัตราส่วนโดยมวลของมีเทนใน
สายป้อนเข้าท่ีมีค่าต่ำ จะส่งผลให้อุณหภูมิและการเกิดปฏิกิริยามีค่าสูงข้ึน จากการศึกษาพบว่า ภาวะดำเนินการเป็นปัจจัย
ท่ีสำคัญอย่างมากต่อการเกิดอุทกพลศาสตร์ท่ีเหมาะสมภายในเคร่ืองปฏิกรณ์ ในส่วนสุดท้ายของงานวิจัย ทำการประเมิน
หากรณีศึกษาท่ีดีท่ีสุดในมิติของความย่ังยืนของกระบวนการเคมิคอลลูปิง โดยใช้การวิเคราะห์ 3 แบบ ได้แก่ การประเมิน
ทางประสิทธิภาพความร้อน การประเมินทางเศรษฐศาสตร์ และการประเมินความย่ังยืน กรณีศึกษาท่ีทำการประเมินมี
ท้ังสิ้น 6 กรณี ซึ่งครอบคลุมอิทธิพลของรูปแบบของการเผาไหม้ (การเผาไหม้แบบปกติ และเคมิคอลลูปิง) และลักษณะ
กระบวนการ (จำนวนชั้นของเคร่ืองปฏิกรณ์ดักจับ CO2 และภาวะดำเนินการ) จากการวิเคราะห์โดยเอเมอร์จีซึ่งเป็น
เคร่ืองมือวิเคราะห์ในแบบองค์รวมมากกว่าวิธีการอีกสองวิธี กรณีท่ี 4 ให้ค่าความย่ังยืนสูงสุด เมื่อพิจารณาการใช้
ทรัพยากรพื้นถ่ิน ในขณะท่ีกรณีท่ี 5 ให้ค่าการใช้ทรัพยากรของโลกต่ำท่ีสุด 
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ABS TRACT (E NGLIS H) 
# # 5772886623 : MAJOR CHEMICAL TECHNOLOGY 
KEYWORD: chemical looping combustion, thermal efficiency, hydrodynamic behavior, 

sustainability assessment, emergy 
 Watchara Uraisakul : 

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 3k 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 CH4 mass fraction in 
feed increased temperature and conversion. The result also indicated that the operating conditions 
are crucial for suitable hydrodynamics achievement and the CO2 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 (CO2 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. 

 Field of Study: Chemical Technology Student's Signature ............................... 
Academic Year: 2020 Advisor's Signature .............................. 
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Chapter 1 

Sustainability assessment of power Production by chemical looping combustion 

 

1.1.Background 

A greenhouse gas, mostly CO2, 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 CO2 

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.  
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1.2.Objectives 

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 I 

• The power production by chemical looping combustion with humid air gas 

turbine (HAT) cycle without CO2 utilization 

Part II 

• The 2-dimensional model of the dual circulating fluidized bed reactor 

(DCFBR) with full loop simulation for chemical looping combustion    

Part III 

• The economic and sustainability analyses of a power plant at  

50 MW (electrical) when it was located on Thailand 

 

1.4. Benefit 

Part I 

• The guideline for operating significant parameters to obtain the highest 

thermal efficiency. 

• The investigation of the multi-stage compressor operation on the thermal 

efficiency of the system. 

• The investigation of the work and heat integration of the CLC process for 

power production. 

Part II 

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

• The proper operating condition to obtain the suitable hydrodynamics 

behavior in DCFBR. 

Part III 

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

sustainability analysis. 
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• The sustainability comparison between the conventional combustion and 

chemical looping combustion. 

• 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 3k 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 II: The hydrodynamics of dual fluidized bed reactor for chemical 

looping combustion reactor  

The result from part I 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 III: The economic analysis and sustainability evaluation of chemical 

looping combustion 

The suitable case studies were selected from part I. The material and energy 

data from part I 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 I. The size of reactor from part 
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II 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. 
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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 CO2 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] 

 

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. CO2 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.  
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Therefore, the fuel combustion is typically the main source that releases large amount 

of CO2 to the atmosphere and accelerates global warming effect. The quantity of the 

CO2 in the flue gas that is released to the environment depends on the efficiency of a 

CO2 capture process.  

The environmental crisis and the natural resource depletion are key factors 

that stimulate the development of combustion technology and CO2 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 CO2 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 CO2 release to the environment. There 

are several CO2 sequestrations available, such as pre-combustion, post-combustion 

and oxy-combustion technologies as shown in Fig. 2.2.   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 7 

 

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 CO2 in flue gas after combustion by sorbents such as 

K2CO3 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 CO2, low cost investment, and no change of the 

original plant. [9] K2CO3 is a promising solid sorbent for CO2 capture process from 

flue gas because of high economic performance and stable capture performance. In 

addition, K2CO3 requires low energy for regeneration. [10] The CO2 is captured by 

K2CO3 at 60-80oC and the sorbent can be regenerated at 120-200oC. [11] When 

comparing monoethanolamine (MEA) and K2CO3 processes, it was found that the 

K2CO3 process was lower heat of absorption and lower cost of investment. [12] Even 

though, amine absorption process is the mature of CO2 capture process, [13] its main 

disadvantages are high energy consumption and material corrosion. [13] On the 

contrary, K2CO3 was the good candidate of CO2 capture process because of high CO2 
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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 CO2 capture process. [16]  

The implement of a post-combustion CO2 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 CO2 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 CO2 

compression. [8] 

2.1.2. Pre-combustion processes 

It is used to capture CO2 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. H2O is fed into a reactor for 

reacting with CO to produce H2 and CO2. After that CO2 is separated from H2 by acid 

gas removal system. H2 is used as fuel for power generation or other processes. This 

method produces high purity of H2, CO2 and heat. The advantages of pre-combustion 

process are the high concentrated of CO2 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 CO2. [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 CO2 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 
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(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 CO2 and 

H2O. 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 O2. [23] H2O is separated from flue gas by condensation. 

Accordingly, it can separate very high CO2 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 CO2 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 CO2 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% CO2 

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 CO2 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 O2 and fuel. Oxygen carrier is the media that only carries the O2 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 H2O. The water is separated from the 

flue gas by condensation and the remainder is high purity of CO2. 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 O2 is needed. It was because of the easiness of the CO2 separation in the 

flue gas. [24] The CLC process that use H2 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 Ibrahim’ s study was 

55.2% [27] and Brandvoll’s study was 55.9 [28] 

 

Fig. 2.3 Principle of Chemical looping combustion (CLC). [29] 

Reaction in air reactor: 𝑁𝑖 + 0.5𝑂2 → 𝑁𝑖𝑂 (2.1) 

Reaction in fuel reactor: 𝐶𝐻4 + 4𝑁𝑖𝑂 → 𝐶𝑂2 + 2𝐻2𝑂 + 4𝑁𝑖 (2.2) 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 11 

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.   

 

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 H2. [31] Firstly, fuel was 

reacted with oxygen carrier (MyOx) in the fuel reactor. The products of the first step 

were CO2, H2O 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 H2, 

excess H2O 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 H2O from the fuel reactor and the steam reactor were separated by 

the condensation process. The high purity of CO2 and H2 were obtained. The iron was 

also used as an oxygen carrier that might be suitable for this process. [31] 
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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 O2 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 Eqs. 2.3, 2.4 

and 2.5, when the inlet gas including of CH4, CO and H2. [32, 33] The main reaction 

at the anode was the oxidation reaction of H2 where H2 lost its electrons and it became 

H2O. H2O was used as a reactant and reacted with CH4 and CO. The products, 

consisting of H2O, CO and CO2, 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 O2, 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: 𝐻2 + 𝑂2− → 𝐻2𝑂 + 2𝑒− (2.3) 

𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2 (2.4) 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 (2.5) 

Reaction in cathode: 𝑂2 + 2𝑒2− → 2𝑂2− (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 H2 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 CO2, H2O 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 H2 

and others were the excess H2O 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 (MyOx) and the excess air. The gaseous outlet of the air reactor 

was used for power production. The purified H2 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 O2 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: 2𝐻2 → 4𝐻+ + 4𝑒− (2.7) 

Reaction in cathode: 𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂 (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; CO2 and H2O. 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, H2. By some 
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operation conditions, the H2O and CO2 are introduced into the fuel reactor for steam 

reforming and CO2 reforming reaction. However, the steam reforming and CO2 

reforming reactions are strong endothermic reactor. [42] The ratio of H2O and CO2 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.  

 

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 O2. [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 O2 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-2. The investigation of Shah 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 17 

reported that Mn2O3/Mn3O4, CuO/Cu2O, and Co3O4/CoO were good candidates as 

oxygen carrier type for the CLAS process. [44] 

𝑀𝑒𝑥𝑂𝑦−2 + 𝑂2 → 𝑀𝑒𝑥𝑂𝑦 (2.9) 

𝑀𝑒𝑥𝑂𝑦 → 𝑀𝑒𝑥𝑂𝑦−2 + 𝑂2 (2.10) 

 

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 O2 in the reduction reactor decreases. Accordingly, the equilibrium is pushed into 

forward direction. The products of reduction reaction are O2 and H2O. The O2 was 

purified by the condensation process. The ICLAS is applied to oxy-fuel combustion, 

as shown in Fig. 2.9. When the pure O2 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 O2 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 O2 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. O2 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 O2 will react with the coal 

without the gasification step in system.  

The reaction in the air reactor  2𝑀𝑒𝑥𝑂𝑦−1 + 𝑂2 → 2𝑀𝑒𝑥𝑂𝑦 (2.11) 

The reactions in the fuel reactor 2𝑀𝑒𝑥𝑂𝑦 → 2𝑀𝑒𝑥𝑂𝑦−1 + 𝑂2 (2.12) 

𝐹𝑢𝑒𝑙 + 𝑂2 → 𝐶𝑂2 + 𝐻2𝑂 (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, Mn2O3, and Fe2O3.  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.  

 

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]  

 

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. 

 

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] 

 

 

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 (COMd) depreciation, sale price, total annual income and 

expenses and indicators of economics were calculated respectively, as shown in  

Fig. 2.17. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 26 

 

 

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. 
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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 

The total capital investment cost (TCI) is composed of fixed capital cost (FCI) 

and working capital cost (WC). The 85% of TCI 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. 

 

 

Fig. 2.18 The component of TCI. 
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2.7.4. The operation and maintenance costs [61] 

 𝐶𝑂𝑀𝑑 = 0.180𝐹𝐶𝐼 + 2.735𝐶𝑂𝐿 + 1.235(𝐶𝑈 + 𝐶𝑊𝑇 + 𝐶𝑅𝑀) (2.14) 

COMd = 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  

NOL = Number of operators per shift = (6.29 + 31.7P2 + 0.23NNP)0.5  (2.15) 

P = Number of solid process  

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

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. 

𝑁𝑃𝑉 = ∑
𝐶𝐹𝑛

(1+𝐼)𝑛

𝑀

𝑛=0
 (2.16) 

When  CF = cash flow 

n = each period 

M = the end of plant operation 

I = 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. 

∑
𝐶𝐹𝑛

(1+𝐼𝑅𝑅)𝑛 = 𝑁𝑃𝑉 = 0
𝑀

𝑛=0
 (2.17) 

 

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

𝐸𝑛𝑒𝑟𝑔𝑦 𝑓𝑙𝑜𝑤, 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑓𝑙𝑜𝑤, 𝑆𝑒𝑟𝑣𝑖𝑐𝑒
 (2.18) 

 

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 Eq. 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] 

 

 𝐸𝐿𝑅 =
𝑁+𝐹

𝑅
 (2.19) 

N = local non- renewable resource; natural gas. 

R= local renewable resource; water, air. 

F = expense cost, external goods, Ni, Na2CO3, Al2O3, 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 =
𝑇𝑜𝑡𝑎𝑙 𝑒𝑚𝑒𝑟𝑔𝑦

𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑠
=

𝑅+𝑁+𝐹

𝐹+𝐿
 (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. 

 𝐸𝑆𝐼 =
𝐸𝑌𝑅

𝐸𝐿𝑅
 (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 CO2 capture process because it was not only heat 

generator unit but also inherent CO2 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%  [6 8 ]. 

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 2k 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 H2 production. [72] 

The combination of the SOEC and CLC obtained 56% efficiency [9]. Power and H2 

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 CO2 
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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 MWth 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:  

(i) 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 

seJ/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 3k 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, CO2 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 

3k 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 3k 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. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 40 

3.1.3 Methodology 

3.1.3.1 Process description 

 

 

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 Al2O3 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 
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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 

Al2O3 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 Al2O3 was 

0.25/0.75 by a mole at 1350oC. 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 CO2, 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/Al2O3  Flow rate (kmol/hr) 48658.04 

 Mass fraction (-) [47] 0.16/0.84 

  Temperature (oC) 1350 

  Pressure (atm) 1 

Water Mass fraction in 

humid air by weight 

0.14-0.18 

Natural gas Flow rate (kg/s) 14.2 

  Temperature (oC) 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 3k 

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 3k 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 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝑃𝐴𝑅+𝑃𝐹𝑅−𝑃𝐶−𝑃𝑃

𝐿𝐻𝑉𝑁𝐺
× 100   (3.1) 

 

Note that;  

PAR = power production from air reactor (kW) 

PFR = 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. 

Pressureoutlet
Compression ratio

Pressureinlet
=

 (3.2) 
 

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 1.6 1.6 1.6 1.6 

Method 3 1.1 1.1 1.1 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 CO2 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/Fe3O4). 

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 CO2, H2O, and spent oxygen carrier. CO2 and H2O 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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Fig. 3.2.2 The dimension of DCFBR. [97] 
 

Unit was millimeters 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 49 

3.2.4 The first section 

In this section, coal was used as the fuel and Fe2O3/Fe3O4 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 Fe2O3/Fe3O4. In the fuel reactor riser, coal was gasified to char 

and gas species by CO2. Fe2O3 oxidized char and gas species. Subsequently, Fe2O3 

was transformed to be Fe3O4. In the air reactor or the riser, the spent metal oxide, 

Fe3O4, was regenerated to Fe2O3 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 3k 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 % CO2 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 Fe2O3/Fe3O4 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.   

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 50 

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 

CO2 velocity inlet at FR riser (m/s) 1.2 

CO2 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  

Fe2O3 mass fraction at AR downer 1 

Fe2O3 volume fraction at AR downer 0.6 

Bed height of AR downer (m) 1.28 

Fe3O4 mass fraction at FR downer 1 

Fe3O4 volume fraction at FR downer 0.6 

Bed height of FR downer (m) 1.42 

 

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

results. 

Case Temperature 

(K) 

Vcoal to weight of 

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 
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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  

𝜕

𝜕𝑡
(𝜀𝑔𝜌𝑔) + ∇ ∙ (𝜀𝑔𝜌𝑔𝑣𝑔) = 0 (3.2.1) 

ii. Solid phase 

𝜕

𝜕𝑡
(𝜀𝑠𝜌𝑠) + ∇ ∙ (𝜀𝑠𝜌𝑠𝑣𝑠) = 0 (3.2.2) 

b) Conversion of momentum 

i. Gas phase  

𝜕

𝜕𝑡
(𝜀𝑔𝜌𝑔𝑣𝑔) + ∇ ∙ (𝜀𝑔𝜌𝑔𝑣𝑔𝑣𝑔) = −𝜀𝑔∇P + ∇ ∙ 𝜏𝑔 + 𝜀𝑔𝜌𝑔𝑔 + 𝛽𝑔𝑠(𝑣𝑔 − 𝑣𝑠)

 (3.2.3) 

ii. Solid phase 

𝜕

𝜕𝑡
(𝜀𝑠𝜌𝑠𝑣𝑠) + ∇ ∙ (𝜀𝑠𝜌𝑠𝑣𝑠𝑣𝑠) = −𝜀𝑠∇P + ∇ ∙ 𝜏𝑠 − ∇P𝑠 + 𝜀𝑠𝜌𝑠𝑔 +

𝛽𝑔𝑠(𝑣𝑔 − 𝑣𝑠) (3.2.4) 

c) Conversion of solid phase fluctuating energy 

3

2
[

𝜕

𝜕𝑡
𝜀𝑠𝜌𝑠𝜃 + ∇ ∙ (𝜀𝑠𝜌𝑠𝜃)𝑣𝑠] = (−∇𝑝𝑠𝐼 ̅ + 𝜏𝑠): ∇𝑣𝑠 + ∇ ∙ (𝜅𝑠∇𝜃) − 𝛾𝑠 + ∅𝑠

 (3.2.5) 

3.2.4.2.2. Constitutive equations 

a) Gas phase stress  

𝜏𝑔 = 𝜀𝑔𝜇𝑔 [∇𝑣𝑔 + (∇𝑣𝑔)
𝑇

] −
2

3
𝜀𝑔𝜇𝑔(∇ ∙ 𝑣𝑔)𝐼 (3.2.6) 

b) Solid phase stress 

𝜏𝑠 = 𝜀𝑠𝜇𝑠[∇𝑣𝑠 + (∇𝑣𝑠)𝑇] + 𝜀𝑠 (𝜉𝑠 −
2

3
𝜇𝑠) ∇ ∙ 𝑣𝑠𝐼 (3.2.7) 

c) Collisional dissipation of solid fluctuating energy 

𝛾𝑠 = 3(1 − 𝑒2)𝜀𝑠
2𝜌𝑠𝑔0 𝜃 (

4

𝑑
√

𝜃

𝜋
) (3.2.8) 

d) Radial distribution function 

𝑔0 = [1 − (
𝜀𝑠

𝜀𝑠,𝑚𝑎𝑥
)

1/3

]

−1

 (3.2.9) 
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e) Solid phase pressure 

𝑝𝑠 = 𝜀𝑠𝜌𝑠𝜃[1 + 2𝑔0𝜀𝑠(1 − 𝑒)] (3.2.10) 

f) Solid phase shear viscosity 

𝜇𝑠 =
4

5
𝜀𝑠𝑝𝑠𝑑𝑔0(1 + 𝑒)√

𝜃

𝜋
+

10𝜌𝑠𝑑√𝜋𝜃

96(1+𝑒)𝑔0𝜀𝑠
[1 +

4

5
𝑔0𝜀𝑠(1 + 𝑒)]

2

   (3.2.11)             

g) Solid phase bulk viscosity 

𝜉𝑠 =
4

3
𝜀𝑠𝑝𝑠𝑑𝑔0(1 + 𝑒)√

𝜃

𝜋
             (3.2.12) 

h) Exchange of the fluctuating energy between gas and solid  

∅𝑠 = −3𝛽𝑔𝑠𝜃 (3.2.13) 

 

i) Gas–solid phase interphase exchange coefficient 

Gidaspow model 

when 𝜀𝑔 > 0.80;  𝛽𝑔𝑠 =
3

4

(1−𝜀𝑔)𝜀𝑔

𝑑
𝜌𝑔|𝑣𝑔 − 𝑣𝑠|𝐶𝐷0𝜀𝑔

−2.65  (3.2.14) 

when 𝜀𝑔 ≤ 0.80; 𝛽𝑔𝑠 = 150
(1−𝜀𝑔)

2
𝜇𝑔

𝜀𝑔𝑑2 + 1.75
(1−𝜀𝑔)𝜌𝑔|𝑣𝑔−𝑣𝑠|

𝑑
 (3.2.15) 

with 

𝑅𝑒𝑘 < 1000;  𝐶𝐷0 =
24

𝑅𝑒𝑘
(1 + 0.15𝑅𝑒𝑘

0.687); 𝑅𝑒𝑘 =
𝜌𝑔𝜀𝑔|𝑣𝑔−𝑣𝑠|𝑑

𝜇𝑔
 

𝑅𝑒𝑘 ≥ 1000;  𝐶𝐷0 = 0.44 

when 0.74 ≤ 𝜀𝑔 ≤ 0.82; 𝜔(𝜀) = −0.5760 +
0.0214

4(𝜀𝑔−0.7463)
2

+0.0044
 

when 0.82 < 𝜀𝑔 ≤ 0.97; 𝜔(𝜀) = −0.0101 +
0.0038

4(𝜀𝑔−0.7789)
2

+0.0040
 

when 𝜀𝑔 > 0.97;     𝜔(𝜀) =  −31.8295 + 32.8295𝜀𝑔 

 

3.2.4.2.3 The reactions for the coal reduction and the iron oxide 

oxidation 

Coal pyrolysis reaction [97, 99] 

Coal + 0.0666CO2 → 0.4663Char + 0.05192CH4 + 0.00554C2H6 +

0.1672CO + 0.0604H2 + 0.0269H2O + 0.01007ASH (3.2.16) 

The reaction rate of pyrolysis was followed; 
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𝑟𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠 = (1 × 10−3)(0.3(2 × 105)𝑒𝑥𝑝(−104.6/𝑅𝑇) + (1.3 ×

107)𝑒𝑥𝑝(−167.4/𝑅𝑇))𝐶𝑐𝑜𝑎𝑙  (3.2.17) 

Char gasification reaction [100] 

Char + CO2 → 2CO (3.2.18) 

The reaction rate of char gasification was followed; 

𝑟𝑐ℎ𝑎𝑟 =
(8.83×104)𝜌𝑐ℎ𝑎𝑟𝜀𝑐ℎ𝑎𝑟𝑟𝑔(1−𝑥𝑐ℎ𝑎𝑟)2/3

𝑀𝑊𝑐ℎ𝑎𝑟
 (3.2.19) 

rchar (kmol/m3/s) was char gasification rate, ρchar (kg/m3) was char density, εchar was 

char volume fraction, xchar was char conversion, and MWchar was char molecular 

weight.  

Methane reduction reaction [101, 102] 

CH4 + 12Fe2O3 → 8Fe3O4 + 2H2O + CO2  (3.2.20)  

The reaction rate of methane reduction was followed; 

𝑟𝐶𝐻4
=

(0.30085)𝑘𝐶𝐻4 (𝑥)𝜌Fe2O3
(𝑚𝑜𝑥)𝑌𝐶𝐻4

0.2(𝑀𝑊𝑂2 )
 (3.2.21) 

Where;    𝑥 =
𝑚_𝑜𝑥

𝑚_𝑜𝑥−𝑚_𝑟𝑒𝑑2
 

𝑚_𝑜𝑥 = 𝑌Fe2O3
+ 𝑌Fe3O4

12𝑀𝑊Fe2O3

8𝑀𝑊Fe3O4

 (3.2.22) 

𝑚𝑟𝑒𝑑2 = 𝑌Fe2O3

8𝑀𝑊Fe3O4

12𝑀𝑊Fe2O3

+ 𝑌Fe2O3
 (3.2.23) 

𝑘𝐶𝐻4
= 3.37598𝑒𝑥𝑝(−49/𝑅𝑇)𝐶𝐶𝐻4

1.3  (3.2.24) 
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Ethane reduction reaction [101, 102] 

C2H6 + 21Fe2O3 → 14Fe3O4 + 3H2O + 2CO2  (3.2.25) 

The reaction rate of ethane and methane reduction were equal.  

𝑟C2H6
= 𝑟𝐶𝐻4

(R 4.4) (3.2.26) 

Carbon monoxide reduction  

CO + 3Fe2O3 → 2Fe3O4 + CO2  (3.2.27) 

The reaction rate of carbon monoxide reduction was followed; 

𝑟𝐻2
=

(2)(0.30085)𝑘𝐶𝑂(𝜌Fe2O3)(𝑚_𝑜𝑥)(1−𝑥)2/3

𝑀𝑊𝑂2

  (3.2.28) 

Where;  𝑘CO = 0.65410𝑒𝑥𝑝(−20/𝑅𝑇)𝐶CO   (3.2.29) 

Hydrogen reduction [101, 102] 

H2 + 3Fe2O3 → 2Fe3O4 + H2O (4.6) (3.2.30) 

The reaction rate of hydrogen reduction was followed; 

𝑟𝐻2
=

(2)(0.30085)𝑘𝐻2 (𝜌Fe2O3)(𝑚_𝑜𝑥)(1−𝑥)2/3

𝑀𝑊𝑂2

  (3.2.31) 

Where;  

 𝑘𝐻2
= 2.42648𝑒𝑥𝑝(−24/𝑅𝑇)𝐶𝐻2

0.8  (3.2.32) 

Water gas shift reaction [103] 

CO + H2O → CO2 + H2  (3.2.33) 

The reaction rate of water gas shift was followed; 

𝑟𝐶𝑂 = −2.17 × 107𝑒𝑥𝑝(−192/𝑅𝑇) (𝐶𝐻2

0.5𝐶CO2
−

𝐶𝐻2𝑂𝐶CO

𝑒𝑥𝑝(−4.33+(4577.8/𝑇))
) 

 (3.2.34) 

Iron oxide oxidation [101, 102] 

4Fe3O4 + O2 → 6Fe2O3  (3.2.35) 

The reaction rate of carbon monoxide reduction was followed; 

𝑟𝐻2
=

(2)(0.30085)𝑘𝑂2 (𝜌Fe2O3)(𝑚_𝑜𝑥)(1−𝑥)2/3

𝑀𝑊𝑂2

  (3.2.36) 

Where;  

 𝑘𝑂2
= 0.63669𝑒𝑥𝑝(−20/𝑅𝑇)𝐶𝑂2

 (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 CO2. The mixture was introduced into 

the riser of the fuel reactor. NiO oxidized the CH4. The gas products were CO2 and 

H2O. 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 

CO2 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 

stream (K) 

873 

Ni mass fraction at AR downer 0.277 

Al2O3 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 

Al2O3 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 

CH4 mass fraction at FR riser  0.3 

CO2 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 

H2O 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 

constant 

Volume 

fraction of 

solid phase 

Velocity when 

compare with base 

case 

Mass 

fraction of 

CH4 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 1.5 0.3 

10 1.00E+05 0.45 1.5 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 CO2 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 CO2 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 CO2 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 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 59 

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 

 

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 
 

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 CO2 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 CO2 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 CO2 capture efficiency in the CO2 capture section, 96.22% and 77.66% 

in case 2 and case 3, respectively. Accordingly, the effect of the CO2 capture 

efficiency would be investigated from 3 points of view. In the CO2 capture section, 

the operation conditions were followed Boonprasop study. [105-107] The multi-stage 

CO2 capture reactor was the main section of the CO2 capture section. The solid 

sorbent in CC cases was Na2CO3. [16]   

In CLC cases, there were 3 major sections; 1) CLC process for combustion 

and CO2 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/MWth for all case studies [108]. The RGibbs reactor was used 

for air and fuel reactor.  The RYield was used for CO2 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 10oC. 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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Table 3.3.1 Conditions of cases 1-3. 

 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 Na2CO3/ Al2O3 Na2CO3/ Al2O3 

Pressure of combustor (atm) [69] 15 15 15 

Pressure of CO2 capturing reactor (atm) [105] - 2 2 

Temperature of CO2 capturing reactor (oC) [105] - 60 60 

Pressure of regeneration reactor (atm) [105] - 0.2 0.2 

Temperature of regeneration reactor (oC) [105] - 60 60 

Temperature of Na2CO3 fed into reactor (oC) [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 

Na2CO3 loading on Al2O3 (%wt) [105] - 17 17 

Na2CO3 (kg/h) - 599137.40 566421.60 

Al2O3 (kg/h) - 2925200.52 2765470.68 

CO2 removal (%) 0 96.27 77.76 

The mass fraction of flue gas (%)    

H2O 8.77 1.47 4.84 

N2 71.98 83.27 79.34 

O2 12.92 14.98 14.26 

CO2 6.33 0.28 1.55 
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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 1st, 

2nd, 3th stages - 1.115, 1.38, 9.75  2.466, 2.466, 2.466 

Solid in system NiO/Al2O3 NiO/Al2O3 NiO/Al2O3 

Pressure of fuel reactor (atm) [69] 15 15 15 

Pressure of air reactor (atm) [69] 20 20 20 

Temperature of NiO fed into reactor (oC) 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 Al2O3 (%mol) 25 25 40 

Ni (kg/h) 110362 94157 98603 

Al2O3 (kg/h) 575190 490731 256952 

Conversion in fuel reactor (%) [109] 100 100 100 

CO2 removal (%) 100 100 100 

The mass fraction of flue gas (%)    

H2O 0.00 14.96 10.28 

N2 84.03 73.22 77.48 

O2 15.97 11.57 12.24 

CO2 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. 

 

 
Fig. 3.3.3 Flowchart of a HAT cycle 

 

Case 1: CC and HAT cycle without CO2 capture 

Case 1 was the CC and HAT cycle. The CO2 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 CO2 capture section in 3 points of 

view. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 66 

 

Fig. 3.3.4 Flow process of CB with a HAT cycle and CO2 capture process (case 1) 

 

 

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

 

Case 2: CC and HAT cycle with 96.22% CO2 capture and Case 3: CC 

and HAT cycle with 77.76% CO2 capture.  

Case 2 and case 3 were the CC with the CO2 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 CO2 capture efficiency process in case 2 was higher than case 3 

because of the higher CO2 capture reactors. There were six reactors of CO2 capture in 

case 2, but 3 reactors for case 3. The CO2 conversion of each reactor was to follow 

Boonprsop’s study. [105-107] The CO2 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 CO2 capture reactors. 

The flue gas, after treated by Na2CO3, 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 CO2 and water would be 

separated from sorbent and they were sent to a condenser (CDS-101) for obtained 

higher purity of CO2. The regenerated sorbent was further used to captured CO2. In 

between CO2 capture reactors, there was a heat exchanger for temperature reduction. 

This approach increased CO2 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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Fig. 3.3.6 Flow process of conventional combustion with a HAT cycle and CO2 

capture process (cases 2 and 3) 

 

 

Fig. 3.3.7 Flow chart of natural gas preheating for cases 2 and 3 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 69 

 

 

Fig. 3.3.8 Flow chart of CO2 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.  

(b) 

(a) 
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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 O2 → NiO + Heat       (3.3.1) 

Reaction in fuel reactor:        CH4 + 4 NiO + Heat → 4 Ni + CO2 + 2H2O       (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 

 

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 CO2 separation. Water and air were 

introduced into the HAT cycle. Then they were preheated and were introduced into 

CLC, as well. The CO2 in the flue gas was separated at CDS. CLC process was the 

heat production unit that inherent separated CO2. Accordingly, the thermal efficiency 

of CLC would higher than CC with the CO2 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, 
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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. 

 

Fig. 3.3.12 Flow chart of CLC with HAT for cases 5 and 6 

 

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 Al2O3 only. When high Ni loading, the 

mass flow rate of Al2O3 was low; on the other hand, the Al2O3 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 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝑃𝐴𝑅+𝑃𝐹𝑅−𝑃𝐶−𝑃𝑃

𝐿𝐻𝑉𝑁𝐺
× 100   (3.3.1) 

Note that;  

PAR = power production from air reactor (kW) 

PFR = 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 Eq. 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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 ∑
𝐶𝐹𝑛

(1+𝐼𝑅𝑅)𝑛 = 𝑁𝑃𝑉 = 0
𝑀

𝑛=0
 (3.3.3) 

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 CO2 was released to the environment, as shown in Eq. 5.4.  

 

The cost of CO2 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 yield ratio (EYR), and emergy 

sustainability index (ESI).     

3.3.4.4.1. UEV, Unit emergy values 

 𝑈𝐸𝑉𝑠 =
𝑇𝑜𝑡𝑎𝑙 𝐸𝑚𝑒𝑟𝑔𝑦 𝑓𝑙𝑜𝑤

𝐸𝑛𝑒𝑟𝑔𝑦 𝑓𝑙𝑜𝑤, 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑓𝑙𝑜𝑤, 𝑆𝑒𝑟𝑣𝑖𝑐𝑒
 (3.3.5)
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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].  

 𝐸𝐿𝑅 =
𝑁+𝐹

𝑅
 (3.3.6) 

Note that 

N = local non- renewable resource; natural gas. 

R= local renewable resource; water, air. 

F = expense cost, external goods, Ni, Na2CO3, Al2O3, 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. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 79 

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 =
𝑇𝑜𝑡𝑎𝑙 𝑒𝑚𝑒𝑟𝑔𝑦

𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑠
=

𝑅+𝑁+𝐹

𝐹+𝐿
 (3.3.7)

  

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 =
𝐸𝑌𝑅

𝐸𝐿𝑅
 (5.8)
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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 3k 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 3k 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 3k 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.  
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Table 4.1 The values of four parameters conducted in 3k factorial experiment. 

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 3k factorial design 

 Variables Responses 

Case A B C D  Efficiency 

Power 

production 
from air 

reactor 

Work of 

compressors 

Temperature 

discharge of 

air 

compressor 

 No. atm Number Ratio kmol/hr % MW MW oC 

1 5 3 Method 1 58000 48.188 347.113 92.700 136.34 

2 10 3 Method 1 58000 52.726 433.031 147.807 207.45 

3 15 3 Method 1 58000 52.512 467.154 183.376 207.46 

4 5 5 Method 1 58000 48.219 347.073 92.449 136.08 

5 10 5 Method 1 58000 52.754 432.978 147.560 207.45 

6 15 5 Method 1 58000 52.621 467.149 182.636 207.44 

7 5 7 Method 1 58000 48.226 347.067 92.399 136.03 

8 10 7 Method 1 58000 52.758 432.957 147.511 207.45 

9 15 7 Method 1 58000 52.642 467.149 182.491 207.45 

10 5 3 Method 2 58000 48.747 349.223 91.018 161.52 

11 10 3 Method 2 58000 53.962 436.384 142.763 247.62 

12 15 3 Method 2 58000 55.225 479.925 177.726 306.47 

13 5 5 Method 2 58000 48.695 347.893 90.041 147.05 

14 10 5 Method 2 58000 53.866 433.817 140.852 226.67 

15 15 5 Method 2 58000 55.142 476.607 174.975 279.14 

16 5 7 Method 2 58000 48.672 347.324 89.626 140.85 

17 10 7 Method 2 58000 53.822 432.712 140.046 217.62 

18 15 7 Method 2 58000 55.324 475.840 172.972 252.64 

19 5 3 Method 3 58000 48.930 353.106 93.659 204.24 

20 10 3 Method 3 58000 54.305 445.207 149.263 320.25 

21 15 3 Method 3 58000 55.655 492.339 187.228 397.18 

22 5 5 Method 3 58000 48.962 353.063 93.398 203.92 

23 10 5 Method 3 58000 54.335 445.151 148.999 319.89 

24 15 5 Method 3 58000 55.684 492.270 186.957 396.80 

25 5 7 Method 3 58000 48.968 353.053 93.346 203.86 
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 Variables Responses 

Case A B C D  Efficiency 

Power 

production 
from air 

reactor 

Work of 

compressors 

Temperature 

discharge of 

air 

compressor 

 No. atm Number Ratio kmol/hr % MW MW oC 

26 10 7 Method 3 58000 54.341 445.137 148.947 319.82 

27 15 7 Method 3 58000 55.690 492.258 186.905 396.73 

28 5 3 Method 1 59500 48.526 351.919 95.214 138.54 

29 10 3 Method 1 59500 52.814 437.663 151.839 207.44 

30 15 3 Method 1 59500 51.703 466.391 188.107 207.46 

31 5 5 Method 1 59500 48.557 351.884 94.965 138.29 

32 10 5 Method 1 59500 52.850 437.664 151.596 207.45 

33 15 5 Method 1 59500 51.814 466.385 187.348 207.44 

34 5 7 Method 1 59500 48.564 351.878 94.914 138.24 

35 10 7 Method 1 59500 52.861 437.660 151.515 207.46 

36 15 7 Method 1 59500 51.835 466.383 187.199 207.45 

37 5 3 Method 2 59500 49.114 354.238 93.541 163.09 

38 10 3 Method 2 59500 54.207 442.242 146.961 250.92 

39 15 3 Method 2 59500 45.388 424.686 190.374 344.93 

40 5 5 Method 2 59500 49.055 352.874 92.575 148.94 

41 10 5 Method 2 59500 54.140 439.912 145.081 230.47 

42 15 5 Method 2 59500 54.944 480.521 180.229 279.15 

43 5 7 Method 2 59500 49.029 352.288 92.165 142.88 

44 10 7 Method 2 59500 54.081 438.735 144.304 221.72 

45 15 7 Method 2 59500 54.360 475.216 178.889 252.64 

46 5 3 Method 3 59500 49.312 358.207 96.164 204.81 

47 10 3 Method 3 59500 54.598 451.246 153.307 321.08 

48 15 3 Method 3 59500 55.766 498.220 192.349 398.26 

49 5 5 Method 3 59500 49.344 358.164 95.905 204.50 

50 10 5 Method 3 59500 54.628 451.185 153.045 320.72 

51 15 5 Method 3 59500 55.792 498.133 192.085 397.89 

52 5 7 Method 3 59500 49.350 358.154 95.853 204.43 

53 10 7 Method 3 59500 54.634 451.172 152.993 320.65 

54 15 7 Method 3 59500 55.798 498.112 192.029 397.81 

55 5 3 Method 1 61000 48.798 356.302 97.745 140.94 

56 10 3 Method 1 61000 52.040 436.634 156.060 207.44 

57 15 3 Method 1 61000 50.899 465.667 192.838 207.46 

58 5 5 Method 1 61000 48.829 356.265 97.498 140.69 

59 10 5 Method 1 61000 52.094 436.630 155.692 207.45 

60 15 5 Method 1 61000 51.013 465.660 192.059 207.44 

61 5 7 Method 1 61000 48.833 356.239 97.448 140.65 
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 Variables Responses 

Case A B C D  Efficiency 

Power 

production 
from air 

reactor 

Work of 

compressors 

Temperature 

discharge of 

air 

compressor 

 No. atm Number Ratio kmol/hr % MW MW oC 

62 10 7 Method 1 61000 52.108 436.632 155.597 207.46 

63 15 7 Method 1 61000 51.036 465.663 191.907 207.45 

64 5 3 Method 2 61000 49.318 358.200 96.114 165.02 

65 10 3 Method 2 61000 54.070 445.741 151.388 255.53 

66 15 3 Method 2 61000 54.763 488.189 189.129 318.66 

67 5 5 Method 2 61000 49.276 356.961 95.161 151.20 

68 10 5 Method 2 61000 53.809 442.315 149.730 236.75 

69 15 5 Method 2 61000 54.029 480.001 185.925 279.15 

70 5 7 Method 2 61000 49.255 356.415 94.756 145.27 

71 10 7 Method 2 61000 53.677 440.742 149.057 228.74 

72 15 7 Method 2 61000 53.375 474.615 184.974 252.63 

73 5 3 Method 3 61000 49.478 361.870 98.701 205.55 

74 10 3 Method 3 61000 54.824 456.845 157.371 321.96 

75 15 3 Method 3 61000 55.843 503.882 197.490 399.36 

76 5 5 Method 3 61000 49.508 361.822 98.445 205.24 

77 10 5 Method 3 61000 54.851 456.775 157.116 321.62 

78 15 5 Method 3 61000 55.869 503.803 197.233 399.01 

79 5 7 Method 3 61000 49.515 361.814 98.393 205.18 

80 10 7 Method 3 61000 54.860 456.780 157.064 321.55 

81 15 7 Method 3 61000 55.875 503.791 197.179 398.93 

 

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. 
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Table 4.3 The ANOVA for the thermal efficiency 

  Sum of   Mean F p-value   

Variables & Interaction Squares df Square Value Prob > F   

  A-Pressure of air reactor 411.15 2 205.57 177.25 < 0.0001 significant 

  B-Number of compressors 1.76 2 0.88 0.76 0.4741   

  C-Compression method 68.91 2 34.45 29.71 < 0.0001 significant 

  D-Air flow rate  1.17 2 0.59 0.51 0.6059   

  AB 3.87 4 0.97 0.83 0.5103   

  AC 25.01 4 6.25 5.39 0.0011 significant 

  AD 10.38 4 2.59 2.24 0.0788   

  BC 2.53 4 0.63 0.54 0.7038   

  BD 4.92 4 1.23 1.06 0.3859   

  CD 6.32 4 1.58 1.36 0.2607   

Residual 55.67 48 1.16       

Cor Total 591.68 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 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =

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

𝐿𝑜𝑤𝑒𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑓𝑢𝑒𝑙 (𝑘𝑊)
×

100   (4.1) 

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 

(atm) 
Method of air 

compressor 

Temperature 

discharge of air 

compressor (oC) 

Water 

flow rate 

(kg/hr) 

Temperature 

discharge of air 

turbine (oC) 

61 5 Method 1 140.65 348,850.44 971.06 

62 10 Method 1 207.46 247,829.04 805.16 

63 15 Method 1 207.45 185,210.46 715.38 

70 5 Method 2 145.27 349,489.62 971.10 

71 10 Method 2 228.74 258,838.56 806.16 

72 15 Method 2 252.63 206,281.26 717.66 

79 5 Method 3 205.18 369,025.38 972.35 

80 10 Method 3 321.55 301,811.22 809.92 

81 15 Method 3 398.93 275,018.58 724.50 
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Fig. 4.1 The effect of main operating parameters on thermal efficiency. 

 

 

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 2nd 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 222623.11 2 111311.55 2562.26 < 0.0001 significant 

  B-Number of compressors 18.24 2 9.12 0.21 0.8114   

  C-Compression method 4684.68 2 2342.34 53.92 < 0.0001 significant 

  D-Air flow rate  728.32 2 364.16 8.38 0.0008 significant 

  AB 109.03 4 27.26 0.63 0.6453   

  AC 1705.31 4 426.33 9.81 < 0.0001 significant 

  AD 269.65 4 67.41 1.55 0.2024   

  BC 39.02 4 9.75 0.22 0.9234   

  BD 187.98 4 46.99 1.08 0.3761   

  CD 267.14 4 66.79 1.54 0.2064   

Residual 2085.25 48 43.44       

Cor Total 232717.72 80         



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 89 

 

Fig. 4.3 The effect of main operating parameters on power production from the air 

reactor. 

 

Fig. 4.4 The effect of pressure of air reactor and air compression method on the power 

production from 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.  
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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 13.000 

 

 

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 increase power production from the air reactor. 

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 1,350oC, 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 
of case 81 

Water flow rate 
(kg/hr) 

Power production from 
air reactor (MW) 

Thermal 
efficiency (%) 

Work of 
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 

compressors 

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 117138.38 2 58569.19 65440.75 < 0.0001 significant 

  B-Number of compressors 32.15 2 16.07 17.96 < 0.0001 significant 

  C-Compression method 702.13 2 351.07 392.25 < 0.0001 significant 

  D-Air flow rate  852.21 2 426.10 476.10 < 0.0001 significant 

  AB 11.56 4 2.89 3.23 0.02   

  AC 131.79 4 32.95 36.81 < 0.0001 significant 

  AD 67.30 4 16.82 18.80 < 0.0001 significant 

  BC 32.60 4 8.15 9.11 < 0.0001 significant 

  BD 2.57 4 0.64 0.72 0.5836   

  CD 3.90 4 0.97 1.09 0.3729   

Residual 42.96 48 0.89       

Cor Total 119017.55 80         

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  
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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. 4.7 The effect on main operating parameters on compressor work. 

 

Fig. 4.8 The effect of the air reactor pressure and air compression method on 

compressor work. 
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Fig. 4.9 The effect of the number of compressors and air compression method on the 

compressor work. 

 

 

Fig. 4.10 The effect on air reactor pressure and the number of compressors on the 

compressor work. 
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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). 
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Table 4.9 The ANOVA for the discharge temperature of the air compressors 

 Sum of   Mean F p-value   

Source Squares Df Square Value Prob > F   

  A-Pressure of air reactor 244847.52 2 122423.76 2787.98 < 0.0001 significant 

  B-Number of compressors 2526.75 2 1263.37 28.77 < 0.0001 significant 

  C-Compression method 214353.74 2 107176.87 2440.76 < 0.0001 significant 

  D-Air flow rate  146.45 2 73.23 1.67 0.1994   

  AB 735.77 4 183.94 4.19 0.0055 significant 

  AC 35894.44 4 8973.61 204.36 < 0.0001 significant 

  AD 66.41 4 16.60 0.38 0.8232   

  BC 4856.17 4 1214.04 27.65 < 0.0001 significant 

  BD 56.83 4 14.21 0.32 0.8608   

  CD 96.25 4 24.06 0.55 0.7013   

Residual 2107.74 48 43.91       

Cor Total 505688.07 80         

 

 

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,  

399.36oC 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. 03oC 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. 4.13 The effect of the number of compressors and compression ratio method on 

the discharge temperature of the air compressor. 

 

Fig. 4.14 The effect of air reactor pressure and the number of compressors on the 

discharge temperature of the air compressor 

 

88

138

188

238

288

338

3 5 7T
em

p
er

at
u
re

 d
is

ch
ar

g
e 

o
f 

ai
r 

co
m

p
re

ss
o
r 

(o
C

)

Stages of compressor

method1

method2

method3

88

138

188

238

288

338

5 10 15T
em

p
er

at
u

re
 d

is
ch

ar
g

e 
o
f 

ai
r 

co
m

p
re

ss
o
r 

(o
C

)

Pressure of air reactor (atm)

3 stages

5 stages

7 stages



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 101 

 

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 Al2O3 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 Al2O3 achieved the maximum 

conversion of carbon and syngas in the biomass combustion process [113, 114]. The 

50%  of NiO loading on Al2O3 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 Al2O3 only. Typically, Al2O3 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, Al2O3 could carry heat from the air reactor to the fuel reactor.  

The increase of Ni loading provided the low Al2O3 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 =mCpΔT). Accordingly, the 

increase of Ni loading from 6% to 46%wt provided the increased temperature of the 

air reactor from 1,375oC to 1,625oC, 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. 

 

 

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. 

 

 

 

 

 

Fig. 4.18 The effect of %Ni loading on water flow rate in the system. 
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Fig. 4.19 The effect of %Ni loading on work of air compressor. 

 

 

Fig. 4.20 The effect of % Ni loading on thermal efficiency. 
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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 3k 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 Al2O3. The Al2O3 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 CO2 emission from the air reactor. Therefore, the 

operating conditions are a crucial factor in achieving suitable hydrodynamics and 

obtaining high thermal and CO2 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 (Fe2O3/Fe3O4). 

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 CO2 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 CO2 because the air reactor's total outlet would be 

directly released to the environment.  CO2 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.  

   

Fig. 5.1 The flow direction of total solid volume fraction (Left) from Su's study and 

(Right) from simulation 
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Fig. 5.2 The mass fraction of gas outlet from the fuel reactor 

 

 

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 
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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. 
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and the CO2 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 CO2 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 CH4, C2H6, 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 

H2, 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 

(CO2). 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. 

 

Fig. 5.4 The effect on the combustible gas from the fuel reactor 
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5.3.4 CO2 percentage from the air reactor 

The CO2 percentage from the air reactor was calculated from the molar flow 

rate of CO2 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 CO2 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 

CO2 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 O2 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, H2, CO2, 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 CO2 at the air reactor. 

The best case was cases 1- 3 with the lowest values of the CO2 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 CO2 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 CO2 

capture efficiency. In this section, the hydrodynamic behavior of DCFBR was 

systematically investigated by the 2k 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 CH4 

was used as the fuel and NiO/Ni with Al2O3 was used as the oxygen carrier. In the 

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

0 0.0005 0.001 0.0015 0.002 0.0025 0.003

C
O

2
 f

r
o
m

 A
R

 (
%

)

The ratio of coal velocity to weight of the oxygen carrier 

1173 K

1373 K

1573 K



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 115 

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 CH4 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 Al2O3 were used as the active metal 

and the support followed the chapter 4 result. The optimum Ni loading on Al2O3 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 CO2 

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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Fig. 5.6 The solid volume fraction contour when the initial was 0.35 (left) and 0.45 

(right) 

 

Fig. 5.7 The temperature contour of the gas phase (left) and solid phase (right) at 

initial VOF 0.35 
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Fig. 5.8 The temperature contour of the gas phase (left) and solid phase (right) at 

initial VOF 0.45 

 

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 O2 in the air reactor and the reaction of CH4 and NiO in the fuel 

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

 

2𝑁𝑖 + 𝑂2 → 2𝑁𝑖𝑂  (5.1) 

𝐶𝐻4 + 𝑁𝑖𝑂 → 𝐶𝑂2 + 𝐻2𝑂 + 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 3k factorial experimental design and the results. 

Case Temperature 

(K) 

Vcoal to weight of 

OC (m/s)/(kg) 

% Combustible 

gas species from 

FR 

%CO2 from 

AR 

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 

Solid AR (K) 

Average Temp 

Gas AR (K) 

Average Temp 

Solid FR (K) 

Average Temp 

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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Fig. 5.9 The temperatures of air and fuel reactor of all case studies 

 

 

Fig. 5.10 The CH4 and O2 conversion of all case studies. 
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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 = 𝐴𝑒𝐸𝑎/𝑅𝑇 (5.3) 

When the initial solid volume fraction was adjusted to 0. 35, the pre-

exponential factors in Eqs 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 CH4 and O2 

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 O2 conversion 

was increased when the pre-exponential factor was increased. The O2 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. 5.11 The conversion of CH4 and O2 when the initial VOF was 0.35 

 

 

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 CH4 and O2 obtained, as 

shown in Fig. 5.13. When the pre-exponential factor was increased from 1 to 1E+ 5, 

the O2 and CH4 conversion were increased.  The high conversion led to a high 

temperature of rectors, as shown in Fig. 5.14. 
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Fig. 5.13 The conversion of CH4 and O2 when the initial VOF was 0.45 

 

 

Fig. 5.14 The temperature of air reactor and fuel reactor when the initial VOF was 

0.45 

 

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.  

 

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 O2 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 CH4 conversion, as shown in Fig. 5.16. The high conversion of O2 

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. 5.16 The conversion of CH4 and O2 when the velocity was adjusted 

 

Fig. 5.17 The temperature of the air reactor and fuel reactor when the velocity was 

adjusted 

 

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. 
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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 O2 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. 

 

Fig. 5.18 The temperature of air reactor and fuel reactor when velocity was adjusted 
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Fig. 5.19 The temperature of the air reactor and fuel reactor when velocity was 

adjusted 

 

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.  

 

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 CO2. 

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 

CH4 conversion, but the O2 conversion was not affected by this condition, as shown in 

Fig. 5.22. At the lowest of CH4 mass fraction, the CH4 conversion was almost 

complete. The fuel reactor temperature at the lowest of CH4 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 O2 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 CH4 in the fuel 

reactor provided the low temperature in the fuel reactor. 
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Fig. 5.22 The temperature of the air reactor and fuel reactor when CH4 mass fraction 

in feed was adjusted 

 

Fig. 5.23 The temperature of the air reactor and fuel reactor when CH4 mass fraction 

in feed was adjusted 
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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 CH4 provided high thermal energy, high electrical energy, small 

reactor size, and low reactor cost. 

 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑀𝑊 𝑡ℎ𝑒𝑟𝑚𝑎𝑙) = 𝑇ℎ𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝐶𝐻4 (
𝑚𝑜𝑙

𝑠
) × 𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝐶𝐻4  (

𝑀𝐽

𝑚𝑜𝑙
)

 (5.4) 

 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑀𝑊 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙) =
𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%)×𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑀𝑊 𝑡ℎ𝑒𝑟𝑚𝑎𝑙)

100
 

 (5.5) 

 

𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑠𝑖𝑧𝑒 (𝑚3)  =
50 (𝑀𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙) × 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑓𝑟𝑜𝑚 𝐶𝐹𝐷 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (𝑚3)  

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑀𝑊 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙)
 

 (5.6) 

 

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

Case Thermal energy 

(MW) 

Electrical energy 

(MW) 

Reactor size 

(m3) 

Reactor cost ($) 

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 

CH4 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 CO2 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 CO2 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 

CO2 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 CO2 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 CO2 capture system. [7] In cases 2 and 3, the different CO2 capture systems for 

post-combustion were set up. There were 6 and 3 stages for CO2 capture adsorbers in 

case 2 and case 3, respectively. The CO2 was not completely captured by the CC 

cases. However, the CO2 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 CO2 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 Al2O3 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. 

Case Description 

Thermal efficiency 

(%) 

1 CC and HAT without CO2 capture 52.47 

2 CC with HAT and 96.27% CO2 capture 47.48 

3 CC with HAT and 77.76% CO2 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 CO2 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% CO2 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 CO2 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 CO2 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 CO2 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 CO2 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 CO2 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 CO2 capture) was 94.49 $/MWh. 

Those of case 2 (CC case with 96.27% CO2 capture) and case 3 (CC case with 

77.76% CO2 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 CO2 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 O2 

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 

CO2 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 CO2 

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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Table 6.2 Economic analysis of all cases. 

Case  

Not include the carbon tax Include carbon tax Cost of 

electricity 

($/MWh) 

Payback 

period (y) 
IRR (%) 

Payback 

period (y) 
IRR (%) 

1 
CC and HAT without CO2 

capture 
6.82 13.51 11.44 7.21 94.49 

2 
CC with HAT and 96.27% 

CO2 capture 
15.63 4.42 16.02 4.17 101.69 

3 
CC with HAT and 77.76% 

CO2 capture 
8.94 9.86 15.11 4.77 99.53 

4 CLC without HAT 5.73 16.35 5.73 16.35 69.83 

5 
CLC with HAT high heat 

recovery 
6.16 15.11 6.16 15.11 71.37 

6 
CLC with HAT low heat 

recovery 
4.60 20.69 4.60 20.69 61.94 

 

 

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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Table 6.3 The F, L, and R of each case study. 

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

1 
CC and HAT without CO2 

capture 
6.01E+19 3.08E+19 4.21E+20 5.12E+20 

2 
CC with HAT and 96.27% 

CO2 capture 
6.46E+19 3.43E+19 4.65E+20 5.64E+20 

3 
CC with HAT and 77.76% 

CO2 capture 
6.33E+19 3.23E+19 4.40E+20 5.35E+20 

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

5 
CLC with HAT high heat 

recovery 
4.52E+19 2.46E+19 3.95E+20 4.65E+20 

6 
CLC with HAT low heat 

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

 

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 

1 
CC and HAT without CO2 

capture 
3.24E+05 8.513 15.615 0.545 

2 
CC with HAT and 96.27% 

CO2 capture 
3.58E+05 8.724 15.433 0.565 

3 
CC with HAT and 77.76% 

CO2 capture 
3.39E+05 8.454 15.569 0.543 

4 CLC without HAT 4.04E+05 14.490 17.363 0.835 

5 
CLC with HAT high heat 

recovery 
2.95E+05 10.280 17.933 0.573 

6 
CLC with HAT low heat 

recovery 
3.04E+05 12.236 17.577 0.696 
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6.3.3.1 Case 1: CC with HAT and without CO2 capture  

Case 1 was the CC with a HAT cycle and without the CO2 capture process. 

When CO2 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 CO2. 

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. O2 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 CO2 capture section.  O2 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 CO2 capture of 96. 27% 

(case 2) and 77.76% (case 3) 

Cases 2 and 3 were the CC with HAT and CO2 capture systems.  CO2 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 CO2 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 CO2 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. O2 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 O2 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 CO2 capture process provided higher 

sustainability than those without CO2 capture process.  Also, the high CO2 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. CO2 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 O2 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. O2 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 O2 in the air was consumed to complete the 

combustion with natural gas. Therefore, O2 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 (Na2CO3). 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 CO2 capture) 

Note Amount Unit UEVs (sej/unit) 
Emergy flow 

(sej/y) % Emergy  

Purchase Resources (F)      

Na2CO3 0.00E+00 $/y 1.73E+12 0.00E+00 0.00 

Al2O3 0.00E+00 $/y 1.73E+12 0.00E+00 0.00 

Investment cost 4.56E+06 $/y 1.73E+12 7.89E+18 1.54 

Manufacturing and service cost 2.17E+07 $/y 1.73E+12 3.76E+19 7.35 

Carbon tax 8.46E+06 $/y 1.73E+12 1.46E+19 2.86 

Local Renewable Resources (R)      

Water  5.08E+06 kg/y 6.64E+08 3.37E+15 0.00 

O2 in air 5.97E+08 kg/y 5.16E+10 3.08E+19 6.02 

Local Nonrenewable Resources (N)      

Natural gas 3.01E+15 J/y 1.40E+05 4.21E+20 82.23 

   Total emergy 5.12E+20  

Product      

Electricity 1.58E+15 J/y 3.24E+05   

            

 

1) Natural gas (J/y) = Mass flow rate (7,176.02 kg/h) x Heat value (47.81 x 106 J/kg) x (8,760 h/y) = 3.01 x 

1015 (J/y) 
2) NNP = Total unit of compressor, tower, heat exchanger and reactor = 9 (unit) 

NOL = Number of operators per shift = (6.29 + 31.7P2 + 0.23NNP)0.5 = 6.33 (persons/shift) 
P = Number of solid process = 1 

3.5 shifts/d 

Total number of labors (persons) = Shifts per day x NOL = 3.5 x 45.18 (persons/shift) = 23 (persons) 
Cost of operating labor cost ($/person/y) = 12,775 ($/person/y) 
Total labor cost = Cost of operating labor cost x Total number of labors = 12,775 ($/person/y) x 23 = 
293,825.00 ($/y) 

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

(116,230,649.11 $/y) + 2.735 x (293,825.00 $/y) = 21,725,128.21 $ 

Fixed capital investment cost = Equipment cost /0.2235 = 25,973,329.41/0.2235 = 116,230,649.11 $ 

4) Investment cost ($/y) = Total equipment cost (136,741,940.13 $)/Plant lifetime (30 y)  
Carbon tax ($/y) = 49 ($/ton CO2 emission) x 172,656.12 (ton/y) 

5) Mass flow of water (kg/y) = Total mass flow rate/y + Make up water/y = 5,075,994.77 (kg/y) 
Make up water (kg/y) = 20% of Total mass flow rate  

6) Global EMR = 1.73 x 1012 sej/$ [16] 

7) UEV of water and O2 in air.[85] 

8) UEV of natural gas. [124]  
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Table 6.6 Case 2 (CC with HAT and 96.27% CO2 capture) 

Note Amount Unit 

UEVs 

(sej/unit) 
Emergy flow 

(sej/y) % Emergy  

Purchase Resources (F)      

Na2CO3 4.31E+04 $/y 1.73E+12 7.46E+16 0.01 

Al2O3 3.51E+05 $/y 1.73E+12 6.07E+17 0.11 

Investment cost 5.56E+06 $/y 1.73E+12 9.61E+18 1.70 

Manufacturing and service cost 3.11E+07 $/y 1.73E+12 5.37E+19 9.53 

Carbon tax 3.53E+05 $/y 1.73E+12 6.11E+17 0.11 

Local Renewable Resources (R)      

Water  4.37E+08 kg/y 6.64E+08 2.90E+17 0.05 

O2 in air 6.59E+08 kg/y 5.16E+10 3.40E+19 6.03 

Local Nonrenewable Resources (N)      

Natural gas 3.32E+15 J/y 1.40E+05 4.65E+20 82.45 

   Total emergy 5.64E+20  

Product      

Electricity 1.58E+15 J/y 3.58E+05   

            

1) Natural gas (J/y) = Mass flow rate (7,929.79 kg/h) x Heat value (47.81 x 106 J/kg) x (8,760 h/y) = 3.32 x 

1015 (J/y) 
2) NNP = Total unit of compressor, tower, heat exchanger and reactor = 25 (unit) 

NOL = Number of operators per shift = (6.29 + 31.7P2 + 0.23NNP)0.5 = 45.18 (persons/shift) 
P = Number of solid process = 8 

3.5 shifts/d 

Total number of labors (persons) = Shifts per day x NOL = 3.5 x 45.18 (persons/shift) = 159 (persons) 
Cost of operating labor cost ($/person/y) = 12,775 ($/person/y) 
Total labor cost = Cost of operating labor cost x Total number of labors = 12,775 ($/person/y) x 159 = 
2,031,225.00 ($/y) 

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

(141,680,024.44 $/y) + 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 $)/Plant lifetime (30 y)  
Carbon tax ($/y) = 49 ($/ton CO2 emission) x 7,212.04 (ton/y) 

5) Mass of Na2CO3 (kg) = (Solid metal inventory 700 kg/y/MW thermal) [108] x (MW thermal of case 

study) x Batch of solid = 700 kg/y x 105.32 MW thermal x 1.95 = 143,755.41 kg/y 

MW thermal of case study = 50 MW power/thermal 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 h/ Lifetime of solid particle (4500 h) = 1.95 

6) Mass flow rate of Al2O3 (kg/y) = Mass flow rate of Na2CO3 / (%Mass loading of Na2CO3) x (100 - 
%Mass loading of Na2CO3) = (143,755.41 kg/y) / (17) x (100 - 17) x 100 = 701,864.65 kg/y 

% Mass loading of Na2CO3 = 17% 

7) Mass flow of water (kg/y) = Total mass flow rate/y + Make up water/y = 436,632,711.17 (kg/y) 
Make up water (kg/y) = 20% of Total mass flow rate  

8) Cost of Na2CO3 = 0.3 $/kg 

9) Cost of Al2O3 = 0.5 $/kg 
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Table 6.7 Case 3 (CC with HAT and 77.76% CO2 capture) 

Note Amount Unit 

UEVs 

(sej/unit) 
Emergy flow 

(sej/y) % Emergy  

Purchase Resources (F)      

Na2CO3 4.08E+04 $/y 1.73E+12 7.05E+16 0.01 

Al2O3 3.32E+05 $/y 1.73E+12 5.74E+17 0.11 

Investment cost 5.50E+06 $/y 1.73E+12 9.52E+18 1.78 

Manufacturing and service cost 2.88E+07 $/y 1.73E+12 4.97E+19 9.29 

Carbon tax 1.97E+06 $/y 1.73E+12 3.40E+18 0.64 

Local Renewable Resources (R)      

Water  1.98E+08 kg/y 6.64E+08 1.32E+17 0.02 

O2 in air 6.23E+08 kg/y 5.16E+10 3.22E+19 6.01 

Local Nonrenewable Resources (N)      

Natural gas 3.14E+15 J/y 1.40E+05 4.40E+20 82.14 

   Total emergy 5.35E+20  

Product      

Electricity 1.58E+15 J/y 3.39E+05   

            

 

1) Natural gas (J/y) = Mass flow rate (7,496.76 kg/hr) x Heat value (47.81 x 106 J/kg) x (8,760 hr/y) = 3.14 

x 1015 (J/y) 
2) NNP = Total unit of compressor, tower, heat exchanger and reactor = 18 (unit) 

NOL = Number of operators per shift = (6.29 + 31.7P2 + 0.23NNP)0.5 = 28.34 (persons/shift) 
P = Number of solid process = 5 

3.5 shifts/d 

Total number of labors (persons)= Shifts per day x NOL = 3.5 x 11.75 (persons/shift) = 100 (persons) 
Cost of operating labor cost ($/person/y) = 12,775 ($/person/y) 
Total labor cost = Cost of operating labor cost x Total number of labors = 12,775 ($/person/y) x 18 = 
1,277,500.00 ($/y) 

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

(140,316,307.71 $/y) + 2.735 x (1,277,500.00 $/y) = 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 $)/Plant lifetime (30 y)  
Carbon tax ($/y) = 49 ($/ton CO2 emission) x 40,115.23 (ton/y) 

5) Mass of Na2CO3 (kg) = (Solid metal inventory 700 kg/y/MW thermal) [108] x (MW thermal of case 

study) x Batch of solid = 700 kg/y x 99.57 MW thermal x 1.95 = 135,914.03 kg/y 

MW thermal of case study = 50 MW power/thermal 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 h/ Lifetime of solid particle (4500 h) = 1.95 

6) Mass flow rate of Al2O3 (kg/y) = Mass flow rate of Na2CO3 / (%Mass loading of Na2CO3) x (100 - 
%Mass loading of Na2CO3) = (135,914.03 kg/y) / (17) x (100 - 17) x 100 = 663,580.24 kg/y 

% Mass loading of Na2CO3 = 17% 

7) Mass flow of water (kg/y) = Total mass flow rate/y + Make up water/y = 198,081,277.44 (kg/y) 
Make up water (kg/y) = 20% of Total mass flow rate  

8) Cost of Na2CO3 = 0.3 $/kg 

9) Cost of Al2O3 = 0.5 $/kg 
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Table 6.8 Case 4 (CLC without HAT) 

Note Amount Unit 

UEVs 

(sej/unit) 
Emergy flow 

(sej/y) % Emergy  

Purchase Resources (F)      

Ni 2.28E+06 $/y 1.73E+12 3.94E+18 0.62 

Al2O3 4.53E+05 $/y 1.73E+12 7.83E+17 0.12 

Investment cost 3.80E+06 $/y 1.73E+12 6.58E+18 1.03 

Manufacturing and service cost 1.89E+07 $/y 1.73E+12 3.27E+19 5.13 

Carbon tax 0.00E+00 $/y 1.73E+12 0.00E+00 0.00 

Local Renewable Resources (R)      

Water  2.64E+08 kg/y 6.64E+08 1.75E+17 0.03 

O2 in air 6.69E+08 kg/y 5.16E+10 3.45E+19 5.42 

Local Nonrenewable Resources (N)     5.45 

Natural gas 3.99E+15 J/y 1.40E+05 5.58E+20 87.65 

   Total emergy 6.37E+20  

Product      

Electricity 1.58E+15 J/y 4.04E+05   

            

 

1) Natural gas (J/y) = Mass flow rate (9,521.18 kg/h) x Heat value (47.81 x 106 J/kg) x (8,760 hr/y) = 
3.99E+15 (J/y) 

2) NNP = Total unit of compressor, tower, heat exchanger and reactor = 13 (unit) 
NOL = Number of operators per shift = (6.29 + 31.7P2 + 0.23NNP)0.5 = 11.67 (persons/shift) 
P = Number of solid process = 2 

3.5 shifts/d 

Total number of labors (persons)= Shifts per day x NOL = 3.5 x 11.71 (persons/shift) = 41 (persons) 
Cost of operating labor cost ($/person/year) = 12,775 ($/person/y) 
Total labor cost = Cost of operating labor cost x Total number of labors = 12,775 ($/person/y) x 41 = 
523,775.00 ($/y) 

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

(96,915,222.38 $/y) + 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 kg/y/MW thermal) [108] x (MW thermal of case study) 

x Batch of solid = 700 kg/y x 126.34 MW thermal x 1.95 = 172,449.53 kg/y 

MW thermal of case study = 50 MW power/thermal 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 h/ Lifetime of solid particle (4500 h) = 1.95 

6) Mass flow rate of Al2O3 (kg/y) = Mass flow rate of Ni / (%Mass loading of Ni) x (100 - %Mass loading 

of Ni) = (172,449.53 kg/y) / (16) x (100 - 16) x 100 = 905,360.03 kg/y 

% Mass loading of Ni = 16% 

7) Mass flow of water (kg/y) = Total mass flow rate/y + Make up water/y = 263,979,886.59 (kg/y) 
Make up water (kg/y) = 20% of Total mass flow rate  

8) Cost of Ni = 13.2 $/kg 

9) Cost of Al2O3 = 0.5 $/kg 
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Table 6.9 Case 5 (CLC with HAT high heat recovery) 

Note Amount Unit UEVs (sej/unit) 
Emergy flow 

(sej/y) % Emergy  

Purchase Resources (F)      

Ni 1.61E+06 $/y 1.73E+12 2.79E+18 0.60 

Al2O3 3.21E+05 $/y 1.73E+12 5.55E+17 0.12 

Investment cost 4.07E+06 $/y 1.73E+12 7.04E+18 1.51 

Manufacturing and service cost 2.02E+07 $/y 1.73E+12 3.49E+19 7.49 

Carbon tax 0.00E+00 $/y 1.73E+12 0.00E+00 0.00 

Local Renewable Resources (R)      

Water  1.98E+08 kg/y 6.64E+08 1.32E+17 0.03 

O2 in air 4.74E+08 kg/y 5.16E+10 2.44E+19 5.25 

Local Nonrenewable Resources (N)      

Natural gas 2.82E+15 J/y 1.40E+05 3.95E+20 84.99 

   Total emergy 4.65E+20  

Product      

Electricity 1.58E+15 J/y 2.95E+05   

            

 

1) Natural gas (J/y) = Mass flow rate (6,742.20 kg/h) x Heat value (47.81 x 106 J/kg) x (8,760 h/y) = 2.82 x 

1015 (J/y) 
2) NNP = Total unit of compressor, tower, heat exchanger and reactor = 22 (unit) 

NOL = Number of operators per shift = (6.29 + 31.7P2 + 0.23NNP)0.5 = 11.75 (persons/shift) 
P = Number of solid process = 2 

3.5 shifts/d 

Total number of labors (persons)= Shifts/d x NOL = 3.5 x 11.75 (persons/shift) = 42 (persons) 
Cost of operating labor cost ($/person/y) = 12,775 ($/person/y) 
Total labor cost = Cost of operating labor cost x Total number of labors = 12,775 ($/person/y) x 42 = 
536,550.00 ($/y) 

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

(103,794,020.84 $/y) + 2.735 x (536,550.00 $/y) = 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 kg/y/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 kg/y 

MW thermal of case study = 50 MW power/thermal 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 h/ Lifetime of solid particle (4500 h) = 1.95 

6) Mass flow rate of Al2O3 (kg/y) = Mass flow rate of Ni / (%Mass loading of Ni) x (100 - %Mass loading 

of Ni) = (122,234.08 kg/y) / (16) x (100 - 16) x 100 = 641,728.91 kg/y 

% Mass loading of Ni = 16% 

7) Mass flow of water (kg/y) = Total mass flow rate/y + Make up water/y = 198,272,179.10 (kg/y) 
Make up water (kg/y) = 20% of Total mass flow rate  

8) Cost of Ni = 13.2 $/kg 

9) Cost of Al2O3 = 0.5 $/kg 
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Table 6.10 Case 6 (CLC with HAT low heat recovery) 

Note Amount Unit 

UEVs 

(sej/unit) 
Emergy flow 

(sej/y) % Emergy  

Purchase Resources (F)      

Ni 1.69E+06 $/y 1.73E+12 2.92E+18 0.61 

Al2O3 1.67E+05 $/y 1.73E+12 2.89E+17 0.06 

Investment cost 3.45E+06 $/y 1.73E+12 5.97E+18 1.25 

Manufacturing and service cost 1.73E+07 $/y 1.73E+12 3.00E+19 6.25 

Carbon tax 0.00E+00 $/y 1.73E+12 0.00E+00 0.00 

Local Renewable Resources (R)      

Water  1.92E+08 kg/y 6.64E+08 1.28E+17 0.03 

O2 in air 4.97E+08 kg/y 5.16E+10 2.57E+19 5.36 

Local Nonrenewable Resources (N)      

Natural gas 2.96E+15 J/y 1.40E+05 4.14E+20 86.44 

   Total emergy 4.79E+20  

Product      

Electricity 1.58E+15 J/y 3.04E+05   

            

 

1) Natural gas (J/y) = Mass flow rate (7,060.57 kg/h) x Heat value (47.81 x 106 J/kg) x (8,760 h/y) = 2.96 x 

1015 (J/y) 
2) NNP = Total unit of compressor, tower, heat exchanger and reactor = 18 (unit) 

NOL = Number of operators per shift = (6.29 + 31.7P2 + 0.23NNP)0.5 = 11.71 (persons/shift) 
P = Number of solid process = 2 

3.5 shifts/d 

Total number of labors (persons)= Shifts/d x NOL = 3.5 x 11.71 (persons/shift) = 42 (persons) 
Cost of operating labor cost ($/person/y) = 12,775 ($/person/y) 
Total labor cost = Cost of operating labor cost x Total number of labors = 12,775 ($/person/y) x 42 = 
536,550.00 ($/y) 

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

(88,040,626.92 $/y) + 2.735 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 kg/y/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 kg/y 

MW thermal of case study = 50 MW power/thermal 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 h/ Lifetime of solid particle (4500 h) = 1.95 

6) Mass flow rate of Al2O3 (kg/y) = Mass flow rate of Ni / (%Mass loading of Ni) x (100 - %Mass loading 

of Ni) = (128,006.92 kg/y) / (27.7) x (100 – 27.7) x 100 = 334,111.93 kg/y 

% Mass loading of Ni = 27.7% 

7) Mass flow of water (kg/y) = Total mass flow rate/y + Make up water/y = 192,294,365.62 (kg/y) 
Make up water (kg/y) = 20% of Total mass flow rate  

8) Cost of Ni = 13.2 $/kg 

9) Cost of Al2O3 = 0.5 $/kg 
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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 CO2 
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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) 

1 
CC and HAT without CO2 

capture 
4.81E+20 3.08E+19 0 

2 
CC with HAT and 96.27% CO2 

capture 
5.30E+20 3.43E+19 0 

3 
CC with HAT and 77.76% CO2 

capture 
5.03E+20 3.23E+19 0 

4 CLC without HAT 6.02E+20 3.47E+19 0 

5 
CLC with HAT high heat 

recovery 
4.41E+20 2.46E+19 0 

6 
CLC with HAT low heat 

recovery 
4.53E+20 2.58E+19 0 
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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 

1 
CC and HAT without CO2 

capture 
3.24E+05 1.064 15.615 0.0681 

2 
CC with HAT and 96.27% 

CO2 capture 
3.58E+05 1.065 15.433 0.0690 

3 
CC with HAT and 77.76% 

CO2 capture 
3.39E+05 1.064 15.569 0.0684 

4 CLC without HAT 4.04E+05 1.058 17.363 0.0609 

5 
CLC with HAT high heat 

recovery 
2.95E+05 1.056 17.933 0.0589 

6 
CLC with HAT low heat 

recovery 
3.04E+05 1.057 17.577 0.0601 

 

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 CO2 management (case 1) would be selected before the process CO2 

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 3k 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 CO2 emission to the environment. Accordingly, the 

operating conditions are crucial for suitable hydrodynamics achievement and the 

CO2 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 CH4 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 CO2 capture, 2) CC with HAT at 96.22% CO2 capture, 3) CC 

with HAT at 77.76% CO2 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. O2 in air and water are 

counted as the local renewable resources. The uses of O2 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 Eq. I.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 I.2.  

𝑪𝑷 = 𝑪𝟏 + 𝑪𝟐𝑻 + 𝑪𝟑𝑻𝟐 + 𝑪𝟒𝑻𝟑 + 𝑪𝟓𝑻𝟒 + 𝑪𝟔𝑻𝟓 (I.1) 

 

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

Table I.1 The input data for the heat capacity of the mixtures 

Species C1 C2 C3 C4 C5 C6 

Ni 4.983E-01 6.451E-05 
    

NiO 6.330E-01 1.204E-04 
    

Al2O3 4.515E-01 1.500E-03 -9.000E-07 2.000E-10 
  

CH4 2.200E+03 -2.620E+00 1.230E-02 -1.000E-05 3.000E-09 
 

O2 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 

H2O 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 
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Table I.2 The heat of formation of the mixtures. 

Species Standard state 

enthalpy (J/kmol) 

Ni 0 

NiO -2.44E+08 

Al2O3 -1.67E+09 

CH4 -7.45E+07 

O2 0 

N2 0 

H2O -2.42E+08 

CO2 -3.94E+08 
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