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THAI ABSTRACT 

พนิชา ทิพวรรณ : การวเิคราะห์ระบบเซลลเ์ช้ือเพลิงชนิดออกไซดแ์ขง็ท่ีใชเ้อทานอลเป็นเช้ือเพลิงเพื่อการผลิต
พลังงานไฟฟ้า ความร้อน และความเย็นร่วม (ANALYSIS OF ETHANOL-FUELLED SOLID OXIDE 

FUEL CELL SYSTEMS FOR COMBINED COOLING, HEAT AND POWER GENERATION) อ .ท่ี
ปรึกษาวทิยานิพนธ์หลกั: ผศ. ดร.อมรชยั อาภรณ์วชิานพ, 186 หนา้. 

การใช้เอทานอลเป็นเช้ือเพลิงส าหรับเซลล์เช้ือเพลิงชนิดออกไซด์แข็ง ได้จัดว่าเป็นวิธีการท่ีช่วยให้ได้
กระบวนการผลิตไฟฟ้าท่ีสะอาดและมีประสิทธิภาพสูงยิง่ข้ึน งานวิจยัน้ีจึงน าเสนอการวิเคราะห์ระบบเซลลเ์ช้ือเพลิงชนิด
ออกไซด์แข็งท่ีใช้เอทานอลเป็นเช้ือเพลิง ในส่วนแรกคือ การศึกษาเก่ียวกับกระบวนการรีฟอร์มมิงเอทานอลโดย
ประยกุตใ์ชห้ลกัการทางเทอร์โมไดนามิกส์ กระบวนการรีฟอร์มมิงท่ีพิจารณามี 3 กระบวนการ ไดแ้ก่ การรีฟอร์มมิงดว้ย
ไอน ้ า (steam reforming) การออกซิเดชนับางส่วนดว้ยอากาศ (partial oxidation) และการรีฟอร์มมิงแบบออโตเทอร์มลั 

(autothermal reforming) โดยพิจารณาถึงองคป์ระกอบของก๊าซผลิตภณัฑท่ี์ไดแ้ละเปรียบเทียบกระบวนการดงักล่าวดว้ย
การวิเคราะห์พลงังานและเอก็เซอร์ยี เพื่อหากระบวนการท่ีเหมาะสมส าหรับการผลิตก๊าซไฮโดรเจนจากเอทานอลส าหรับ
เซลล์เช้ือเพลิงชนิดออกไซด์แข็ง ผลท่ีได้พบว่ากระบวนการรีฟอร์มมิงด้วยไอน ้ าสามารถผลิตไฮโดรเจนได้มากท่ีสุด 

ถึงแมว้า่กระบวนการน้ีจะตอ้งการพลงังานความร้อนจากภายนอกมาก แต่จากการวิเคราะห์ดว้ยเอ็กเซอร์ยกีลบัพบว่าเป็น
กระบวนการท่ีใชพ้ลงังานไดอ้ยา่งคุม้ค่ามากกว่ากระบวนการอ่ืน สภาวะท่ีเหมาะสมของกระบวนการน้ีคือด าเนินการท่ี
อุณหภูมิ 980 K อตัราส่วนเชิงโมลของไอน ้ าต่อเอทานอลคือ 1.8 ในล าดบัต่อมาไดศึ้กษากลไกการเกิดปฏิกิริยารีฟอร์มมิง
ดว้ยไอน ้ าของเอทานอล และคน้พบว่ากระบวนการน้ีสามารถหลีกเล่ียงการเกิดคาร์บอนได ้โดยให้เกิดปฏิกิริยาแบบสอง
ขั้นตอนผ่านตวักลาง ซ่ึงมีความว่องไวต่อการเกิดคาร์บอนต ่า โดยเร่ิมแรกให้เอทานอลเกิดปฏิกิริยาดีไฮโดรจีเนชนัเกิด
เป็นอะซีทลัดีไฮด์เสียก่อน แลว้จึงให้ท าปฏิกิริยากบัน ้ าในขั้นตอนท่ีสองไดเ้ป็นก๊าซท่ีมีไฮโดรเจนเป็นองคป์ระกอบหลกั 

แต่อยา่งไรก็ตามวิธีการดงักล่าวตอ้งเผชิญกบัขอ้จ ากดัของปฏิกิริยาสมดุลเคมี ซ่ึงเต็มไปดว้ยผลิตภณัฑ์ท่ีไปเจือจางก๊าซ
ไฮโดรเจน อาทิ ก๊าซคาร์บอนไดออกไซด์และไอน ้ า ด้วยเหตุน้ีในล าดับต่อมาจึงศึกษาผลกระทบของการก าจดัก๊าซ
คาร์บอนไดออกไซดแ์ละไอน ้าท่ีมีต่อสมรรถนะของเซลลเ์ช้ือเพลิงชนิดออกไซดแ์ขง็ข้ึน ผลการศึกษาพบวา่เซลลเ์ช้ือเพลิง
ชนิดออกไซดแ์ขง็มีสมรรถนะดีข้ึนจริง ต่อมาไดน้ าการวเิคราะห์ทางเศรษฐศาสตร์ไดถู้กน าเสนอเพื่อเปรียบเทียบกระบวน
รีฟอร์มมิงดว้ยไอน ้าของเอทานอลแบบสองขั้นตอนท่ีท างานร่วมกบัการใชต้วัดูดซบัคาร์บอนไดออกไซด์ กบักระบวนการ
รีฟอร์มมิงดว้ยไอน ้าของเอทานอลแบบดั้งเดิม การศึกษาน้ีช่วยใหเ้ห็นถึงความเป็นไปไดท้างเศรษฐศาสตร์ของการรีฟอร์ม
มิงดว้ยไอน ้ าแบบสองขั้นตอนท่ีท างานร่วมกบัการใชต้วัดูดซบัคาร์บอนไดออกไซดม์ากข้ึน ในล าดบัสุดทา้ย เพื่อน าความ
ร้อนจากเซลล์เช้ือเพลิงกลบัมาใชใ้หม่และปรับปรุงประสิทธิภาพการใชพ้ลงังานในระบบให้ดียิ่งข้ึน การท างานร่วมกนั
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ANALYSIS / EXERGY ANALYSIS 

PHANICHA TIPPAWAN: ANALYSIS OF ETHANOL-FUELLED SOLID OXIDE FUEL 

CELL SYSTEMS FOR COMBINED COOLING, HEAT AND POWER GENERATION. 

ADVISOR: ASST. PROF. AMORNCHAI ARPORNWICHANOP, D.Eng., 186 pp. 

A solid oxide fuel cell (SOFC) fuelled by ethanol, an attractive green fuel that can be 

renewably produced from agricultural products, is regarded as a promising clean process to generate 

electricity with high efficiency. Therefore, this research concentrates on the analysis of ethanol-fuelled 

solid oxide fuel cell systems. Firstly, the thermodynamic analysis of three different ethanol reforming 

processes (i.e., steam reforming, partial oxidation and autothermal reforming) is investigated in term of 

product compositions and compared on the basis of energy and exergy analyses to find the most suitable 

process for solid oxide fuel cell applications. The simulation results show that although the steam 

reforming process provides the highest hydrogen yield, it is the highest energy requiring process. The 

exergy analysis shows that the lowest exergy destruction is found in the steam reforming. The integration 

of ethanol steam reformer operated at temperature of 980 K and steam-to-ethanol ratio of 1.8 and solid 

oxide fuel cell provides the best energetic and exergetic performances. Secondly, the improvement of 

the ethanol steam reforming is further investigated by considering the reforming reaction mechanism. 

To avoid a carbon formation, the steam reforming of ethanol should be carried out into two steps via a 

reaction intermediate which has a lower coking activity. Ethanol is firstly dehydrogenated to be 

acetaldehyde and then steam reform into hydrogen rich gas. However, this method faces a limitation of 

chemical equilibrium reactions which typically produce more dilute products such as CO2 and water. For 

this reason, the removal of CO2 and excess steam in the reforming environment and its effect on SOFC 

performance are studied. Thirdly, an economic analysis of improved reforming processes (two-step 

steam reforming and two-step steam reforming with CO2 capture) is presented and compared with a 

conventional steam reforming. The study illustrates the feasibility of the two-step steam reforming and 

CO2 capture integrated processes in the economic aspect. Finally, a heat recovery of the SOFC system 

is considered to improve the efficiency of the system energy usage. The ethanol-fuelled solid oxide fuel 

cell system integrated with an absorption chiller is proposed in this study for combined cooling, heat and 

power generation. The energy and exergy analyses of such system is performed to determine an energy 

demand and to describe how efficiently the energy usage. The exergoenvironmental analysis is also 

performed providing useful insights in terms of heat recovery and environmental aspects and the results 

indicate the benefit of this system. 
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CHAPTER I 

INTRODUCTION 

1.1 Background and motivation 

Today, energy demand continues to increase considerably because of rapid 

population growth and economic development. Among the developing technologies for 

power generation, a fuel cell has been accepted to be a potential alternative. It is an 

electrochemical device that can directly convert chemical energy from fuel (i.e., 

hydrogen) to electrical energy via an electrochemical process. Leading to an 

environmentally friendly process (Abdullah S. et al., 2014), this is quite different from 

conventional power plants, which is based on a combustion process to convert fuel into 

high-temperature gas for driving an electrical generator via a turbine engines.  

 

A solid oxide fuel cell (SOFC) is among the various types of a fuel cell. It is 

operated at high temperature (600-1000๐C), allowing internal conversion of a wide 

range of fuels in SOFC itself (Coutelieris et al., 2003; Douvartzides et al., 2004b; 

Piroonlerkgul et al., 2008) and generation of high quality by-product heat for 

cogeneration (Verda and Calí Quaglia, 2008; Hong et al., 2014) or trigeneration (Blarke 

and Lund, 2008) applications. In addition, a solid electrolyte is employed and thus, 

corrosion and electrolyte management problems can be avoided. SOFC is considered 

to be used as a large scale power plant since highly efficient combined cycle plants can 

be established. It has proven lifetimes sufficient for stationary applications. In general, 

both non-renewable fuels (e.g., natural gas, liquefied petroleum gas) and renewable 

fuels (e.g., ethanol, biogas, glycerol) can be used to produce hydrogen for SOFC (Lin 

et al., 2013); however, regarding a cost effectiveness, only the utilization of renewable 

fuel from agricultural residues will allow SOFC be competitive potential in the near-

term future. 

 

 Hydrogen has been identified as an ideal energy carrier to support a sustainable 

energy development and can be used in a fuel cell to generate electricity. Nowadays a 
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steam reforming of hydrocarbons, such as natural gas, is the most commonly used 

process for hydrogen production (Angeli et al., 2014; De Falco et al., 2014). However, 

use of natural gas, which is a limited energy resource, has caused environmental 

problems, i.e., air pollutant and greenhouse gas emissions. Consequently, there is a new 

interest in the search for effective alternatives to produce renewable hydrogen cleanly 

and safely. Although SOFC offers the feasibility of using various fuel types, ethanol is 

one of the promising candidates (Saebea et al., 2013). Ethanol is considered an 

attractive green fuel for use in SOFC because it can be produced renewably from 

various agriculture products. Thus, it is suitable for agricultural country like Thailand. 

Ethanol production supports farmers and creates domestic jobs. In addition, ethanol is 

produced domestically, from domestically grown crops, reducing dependence on 

foreign oil and increasing the nation’s energy independence. Compared with other 

fuels, ethanol presents several advantages, including a high heat of vaporization, a low 

photochemical reactivity, ease of storage and handling safety (Cardona and Sánchez, 

2007; Hong et al., 2011; Casas-Ledon et al., 2014; Ebner et al., 2014). 

 

As mentioned earlier, fuel cells utilize hydrogen as fuel of the system. Although 

hydrogen is the lightest, the simplest, and one of the most abundant elements in nature, 

it is not a free element. There are different methods to extract pure hydrogen from 

ethanol, such as steam reforming (SR), partial oxidation (POX) and autothermal 

reforming (ATR) (Rabenstein and Hacker, 2008; Sun et al., 2012). Each reforming 

process differs in operating method, composition of obtained reforming gas and energy 

demand. A number of researchers take great effort to find the most suitable reforming 

process in order to achieve a commercial application. A steam reforming is among the 

widely used processes due to its high hydrogen yield; however, this process involves a 

highly endothermic reaction and requires high energy supply. To minimize the external 

heat requirement, partial oxidation and autothermal reforming processes are alternative 

routes for hydrogen production (Rabenstein and Hacker, 2008). 

 

Regarding the first law of thermodynamics, an energy balance can determine 

energy requirements in the forms of streams of matter, heat and work, but fails to 

provide accurate information on how efficiently the supplied energy is used in a system. 
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This is due to the fact that such an energy analysis cannot identify the real 

thermodynamic inefficiencies associated with the energy conversion system. On the 

other hand, an entropy balance determines the entropy generation within the system, 

which is an indicator of its inefficient energy usage. However, since entropy values still 

fail to account for the quality of energy, the true thermodynamic value (quality) of an 

energy carrier is characterized by its exergy. Exergy destruction which is one of the 

exergy-based variables represents the exergy destroyed due to irreversibility (entropy 

generation) within the system (El-Emam and Dincer, 2011). The irreversibility may be 

caused by chemical reaction, heat transfer through a finite temperature difference, 

mixing of matter, unrestrained expansion and friction. 

 

The first law of thermodynamics gives information about the conservation of 

energy involved through energy analysis while the second law of thermodynamics can 

be used to assess and improve energy systems, leading to a better understand of the 

energy utilization through exergy analysis. Clearly, these insights to the process 

operation cannot be attained by an energy analysis alone (Rosen et al., 2008). To 

identify a suitable ethanol reforming process for hydrogen production in SOFC 

applications, energy and exergy analyses of each ethanol reforming process should be 

investigated. 

 

Although the steam reforming process is widely used in chemical industries, 

steam reforming of ethanol for hydrogen production involves a complex multiple 

reaction system and thus, the purity of hydrogen product is affected by many 

undesirable by-products. This causes the yield of hydrogen depend on a complex 

manner on process variables such as pressure, temperature and reactant ratio. In order 

to maximize the yield of hydrogen, it is necessary to know the effect of these variables 

on the product composition (Fishtik et al., 2000). However, there are several reaction 

pathways that could occur in ethanol and water system, depending on the catalysts used. 

Various kinds of intermediate by-products, such as acetaldehyde and ethylene, are 

usually formed. Other important problems during the reforming of ethanol involve 

catalyst coking and formation of undesirable products (Freni S. et al., 2000). It is well 

known that trend of carbon formation increases dramatically in the presence of 
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ethylene, which is derived from the dehydration of ethanol, via a polymerization 

process (Lima da Silva et al., 2009). From this problem, it seems reasonable to convert 

ethanol first into other species with a lower coking activity and then convert these 

species into hydrogen-rich gas. Acetaldehyde is one of the desired species that can be 

easily produced from ethanol dehydrogenation, which is favored at a relative low 

temperature operation (Freni S. et al., 2000; Nishiguchi et al., 2005). Conceptually, 

ethanol steam reforming may be divided into two steps. First, ethanol is dehydrogenated 

to acetaldehyde using a dehydrogenation unit. Secondly, gas product from the first unit 

is fed into the steam reforming environment in order to produce more hydrogen and 

reduce the amount of reactants which could cause a carbon formation (e.g., methane 

and carbon monoxide). Thus, a carbon-free hydrogen production should be studied in 

details for a two-step steam reforming system. 

 

The concept of a two-step ethanol steam reforming is proposed in order to avoid 

carbon formation by producing only desired species in the first step of a 

dehydrogenation unit, and then converting these species into hydrogen-rich gas in a 

reformer. However, the steam reforming of acetaldehyde in the second step is limited 

by chemical equilibrium reactions which typically produce more dilute products such 

as CO2 and water. For this reason the removal of CO2 and excess steam in the reforming 

environment is an interesting alternative to enhance the purity of hydrogen-rich gas. 

Using CaO sorbent for CO2 capture (Elzinga et al., 2011; Cormos and Simon, 2013) 

and installing a dehumidifier (Harriman, 1990) are conceptually designed to remove 

portion of undesirable products. Therefore, the analysis of removal effects should be 

required for an appropriate operation. To illustrate the potential of two-step steam 

reforming process integrated with SOFC system in the market place, analysis of the 

two-step reforming and CO2 capture integrated processes should also be studied in term 

of economic consideration (Biegler et al., 1997; Piroonlerkgul et al., 2010; Lopes et al., 

2012). 

 

To further improve the energy and exergy efficiencies of the SOFC system, 

exhaust gas released from SOFC and contained useful fuels and heat can be utilized 

and recovered; an integration of SOFC and other heat recovery units can improve the 
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overall system efficiency. Afterburner, heat exchanger networks and absorption chiller 

are among the process that can be integrated with the SOFC system (Tse et al., 2011; 

Chen and Ni, 2014; Fong and Lee, 2014). Presently, an increase in demand for cooling 

and heating power calls for resurveying traditional energy production. One method for 

sustainable development is to adopt the technology of combined cooling, heating, and 

power (CCHP) or trigeneration system. The possibility of such an integrated system 

should be also performed under energy, exergy and environmental aspects (Rosen et 

al., 2008; Dincer and Naterer, 2010; Dincer and Rosen, 2013) to improve understanding 

in the whole ways of energy sustainability world. 

 

1.2 Objectives of research 

 The objectives of this research are to design and analyze a SOFC system 

consisting mainly of a fuel processor and SOFC stack and to recover useful heat 

obtained from SOFC exhaust gas to improve an overall efficiency of the ethanol-fuelled 

SOFC systems for combined cooling, heat and power generation.  

 

1.3 Scopes of research 

1.3.1  To identify the most suitable ethanol reforming process from three 

different processes, i.e., steam reforming, partial oxidation, and auto-

thermal reforming with respect to the first and second laws of 

thermodynamics. 

1.3.2 To investigate the ethanol steam reforming mechanisms and design a 

two-step steam reforming process for carbon-free hydrogen production.  

1.3.3 To perform the enhancement of hydrogen production by using CaO 

sorbent for CO2 capture and installing a dehumidifier for steam removal. 

1.3.4 To assess the performance of SOFC system integrated with the 

improved ethanol steam reformer. A thermally auto-sustainable 

condition and economic issues are also considered. 
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1.3.5 To design the heat recovery obtained from SOFC exhaust gas by 

integrating with absorption chiller for combined cooling, heat and power 

generation. 

1.3.6 To analyze the integrated ethanol-fuelled SOFC systems and absorption 

chiller by using energy, exergy and exergoenvironmental analyses. 

 

1.4 Dissertation overview 

 This dissertation is divided into nine chapters as follows: 

Chapter I describes the background and motivation of this research. The 

research objectives, scopes of research, research procedures and dissertation overview 

are also presented. 

 

Chapter II presents literature reviews on the technological developments in 

ethanol reforming for hydrogen production, with an emphasis on steam reforming, 

partial oxidation and autothermal reforming processes. The improvements of hydrogen 

production are present to enhance the hydrogen purification. Research studies on the 

design and modeling of SOFC are also revealed and the significance of studies in 

energy and exergy analyses to improve the system efficiency is addressed. 

 

Chapter III presents the main principles of this thesis. The general basic 

concepts of fuel cells and solid oxide fuel cell (SOFCs) which is the fuel cell type of 

this interest in this thesis are described. The details of fuel processing for SOFC, the 

ways to enhance the hydrogen production and absorption chiller are also given. 

 

Chapter IV explains a mathematical model of reforming process, SOFC under 

isothermal condition and double effect absorption chiller based on the use of H2O/LiBr 

as the refrigerant-absorber pair. The simulation models of all main units are validated 

with the data reported in published literatures. 

 

Chapter V presents the application of a thermodynamic concept to identify a 

suitable reforming process for an ethanol-fueled solid oxide fuel cell (SOFC). Three 
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different reforming technologies, i.e., steam reforming, partial oxidation and 

autothermal reforming, are considered by using energy and exergy analyses to 

determine an energy demand and to describe how efficiently the energy supplied to the 

reforming process. 

 

Chapter VI presents the use of a two-step ethanol steam reforming, which 

consists of ethanol dehydrogenation and steam reforming, as a fuel processor to replace 

a conventional ethanol steam reforming (single step steam reforming) for carbon-free 

hydrogen production. The effect of operating conditions on equilibrium compositions, 

carbon formation boundary, reforming efficiency and process energy consumptions is 

studied. 

 

Chapter VII presents the effect of removing CO2 and steam from the reforming 

gas on the performance of SOFC. The addition of CaO to capture CO2 and the 

installation of a dehumidifier to remove steam in the reformer are proposed to improve 

hydrogen production efficiency. Performance of the steam reformer and SOFC 

integrated system with and without an enhancement unit is compared and analysed with 

respect to key operating parameters. 

 

Chapter VIII presents the performance of the SOFC integrated with the two-

step steam reforming of ethanol is analyzed under thermally self-sufficient condition. 

The addition of CaO to capture CO2 in the reformer is proposed to improve hydrogen 

production efficiency. The economic analysis is used to point out the benefit of the 

proposed system. 

 

Chapter IX presents an integrated SOFC system with an absorption chiller that 

uses heat recovery of the SOFC exhaust gas for combined cooling, heating, and power 

generation (trigeneration) through energy and exergy analyses. A combined analysis of 

exergy and environmental impact (through greenhouse gas emissions) of the chilled 

water production process using the SOFC exhaust heat are also performed under 

exergoenvironmental analysis.



 

CHAPTER II 

LITERATURE REVIEWS 

This chapter aims to review the technological developments in ethanol 

reforming for hydrogen production, with an emphasis on steam reforming, partial 

oxidation and autothermal reforming processes. Then, the improvements of hydrogen 

production are present to enhance the hydrogen purification. Because the purified 

hydrogen is utilized for solid oxide fuel cell (SOFC) application, research studies on 

the design and modeling of SOFC are also revealed in this chapter. In the end, energy 

and exergy analyses to improve the system efficiency is addressed to show the 

significance of studies. 

 

2.1 Ethanol reforming technologies 

 Hydrogen is likely to be an important part of a new set of technological 

requirement that concerns about sustainability and environmental friendliness. Since 

1990s, the hypothesis stated that “Hydrogen has been identified as an ideal energy 

carrier.” leads to a strong interest of international scientific and industrial community 

towards the possible development of hydrogen production. Although hydrogen is the 

most common element in the universe, and its molecule has the highest energy content 

per unit weight of any known fuel, it never occurs by itself on earth, as it always 

combined with other elements such as oxygen or carbon. Thus, it needs to be produced 

and for this reason it is not a primary source, but only an energy carrier, which could 

be used in combination with the efficient device for converting hydrogen into 

convenient form of electrical energy. 

 

On the advantages of using hydrogen as energy carrier is that all primary 

resources such as fossil fuels, renewable energy resources (solar, wind, hydro, 

geothermic, biomass) and nuclear power could be used for its production (Holladay et 

al., 2009). In particular, it can be extracted from any substance containing hydrogen 

atoms such as hydrocarbons, water and even some organic matter, etc., with different 
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production processes, as shown in Figure 2.1. Nowadays almost half of the hydrogen 

used worldwide comes from steam reforming of natural gas (48%), as it is the most 

economically competitive method from hydrocarbon feedstock. In Table 2.1, the 

contributions of different sources to the world hydrogen production capacity reveal that 

almost 96% of the total production of hydrogen involves fossil fuels (natural gas, 

refinery oil and coal). However, the use of fossil fuels causes the huge amount of carbon 

dioxide emission and for secondary energy production this pathway is non-sustainable. 

As a result, there is a growing interest in the search for effective alternatives to produce 

renewable hydrogen cleanly and safely.  

 

Figure 2.1 Hydrogen production processes (Conte M. et al., 2009). 

 

Table 2.1 Current worldwide hydrogen production from different sources 

(Chorkendorff and Niemantsverdriet, 2003). 

 

Raw material Technology % 

Natural gas Catalytic steam reforming 48 

Refinery oil Partial oxidation 30 

Coal Gasification 18 

Water Electrolysis 4 
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Among the various feedstocks, ethanol is considered an attractive green fuel 

because of its relatively high hydrogen content, availability, non-toxicity, ease of 

storage and handling safety. More importantly, ethanol can be produced renewably by 

fermentation of various biomass resources, such as agricultural products, energy plants, 

agro-industrial wastes, forestry residue materials as well as organic fraction of 

municipal solid waste. Moreover, as biomass removes carbon dioxide from the 

atmosphere during its growth, when biomass-derived ethanol is reformed, the carbon 

released back to the atmosphere will be recycled into the next generation of growing 

plants and not contribute to global warming (Ni et al., 2007a). 

 

Ethanol reforming technologies for hydrogen production can be generally 

classified into three processes: (1) steam reforming, (2) partial oxidation and (3) 

autothermal reforming. These thermal processes require the use of thermal energy 

associated with chemical reactions to obtain directly hydrogen. In steam reforming, 

ethanol reacts with steam at relatively high energy supply, producing mainly hydrogen 

and carbon dioxide. In partial oxidation, ethanol reacts with a controlled oxidant 

mixture (air or/and oxygen) producing the similar product mixtures but providing some 

exothermic heat. A further method that should be considered as “thermally self-

sufficient” is the autothermal technology based on the combination of steam reforming 

and partial oxidation by involving both steam and oxygen as chemical reagents. 

 

Ethanol steam reforming 

 

Steam reforming was introduced in Germany at the beginning of twentieth 

century to produce hydrogen for ammonia synthesis, and it was further developed in 

the 1930s when natural gas and other hydrocarbon feedstocks became available on large 

scale. After 1908 model T designed by Henry Ford had been driven on alcohol, ethanol 

began to use in cars. In fact, this story is the origin of greater use of ethanol ever since. 

In 1991 Garcia and Laborde mentions that if ethanol is used as vehicle fuel, the 

heterogeneous catalytic process could be an important alternative in order to transform 

ethanol to hydrogen and fuel cell is an important application for hydrogen generated 

from ethanol. Their thermodynamic study of ethanol steam reforming was published to 
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solve the chemical equilibrium of ethanol-water system and analyze the effects of 

process variables such as temperature, pressure and the water to ethanol feed ratio. The 

thermodynamic analysis gives fundamental information because the equilibrium 

conversion will be always the best one, whatever catalyst is used (García and Laborde, 

1991). The thermodynamic feasibility of ethanol steam reforming has been re-

examined by Vasudeva et al., (1996) under conditions conducive to carbon formation. 

The findings are compared with the previously published results of Garcia and Laborde 

(1991). In addition, the computations are extended to high range of operating 

conditions. Equilibrium hydrogen yields as high as 5.5 moles per mole of ethanol in the 

feed are obtainable as against the Garcia and Laborde’s value of 4.41. The kinetics 

study of ethanol steam reforming was preliminary investigated by Freni et al., (1996). 

Their simulation shows the feasibility of steam reforming process at temperature 

between 800 and 1000 K, and pressures up to 100 bar. In the experimental results, they 

conclude that the use of a CuO/ZnO/Al2O3 catalyst exhibits good activity, and no more 

expensive catalysts are necessary.  

 

These three studies ignite a number of researchers for taking a great effort on 

the study of ethanol steam reforming. Latterly, it became widely studied both 

experiments and simulations. Llorca et al., (2002) showed a positive effect of cobalt 

addition to several oxides in the catalytic studies of ethanol steam reforming. They 

identified that under 100% ethanol conversion, ZnO-supported samples provided 

selectivity up to 73.8% to H2 and 24.2% to CO2. A new strategy for maximizing the 

hydrogen production and minimizing the CO formation was proposed by Auprêtre et 

al., (2002). Their catalytic study suggested that CO2 and H2 should be primary products 

in any highly selective catalytic formulation to avoid using high and low temperature 

water gas shift units. The catalytic wall reactor which eliminated heat transfer boundary 

layers by coupling catalytic methane combustion on Pt with catalytic ethanol steam 

reforming on Rh and Rh-Ce was examined by Wanat et al., (2004). At steam/carbon 

ratio of 3/1 the reactor gave >99% conversion of ethanol. Morgenstern and Fornango, 

(2005) presented a now technically attractive pathway to exhibit ethanol steam 

reforming for low temperature (250-300 C) over their novel copper-nickel catalyst, 

which retains a Raney-type structure. A lot of studies have also relied on experiments 
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(Diagne et al., 2002; Srinivas et al., 2003; Fatsikostas and Verykios, 2004; Kaddouri 

and Mazzocchia, 2004; Aupretre et al., 2005; Biswas and Kunzru, 2007; Casanovas et 

al., 2010; Nedyalkova et al., 2010; Akiyama et al., 2012; Chen et al., 2012) to 

investigate the effects of catalysts on the various supports and to identify their optimal 

conditions. Recently, thermodynamic analysis of ethanol steam reforming has been 

investigated by many researchers (Hernández and Kafarov, 2009; Lima da Silva et al., 

2009; Rossi et al., 2009; Díaz Alvarado and Gracia, 2010). Most researches point to 

increase hydrogen yield by studying various parameters and finding the suitable 

operating condition and even catalysts used. 

 

 However, one of most interesting topics that most studies reported on is the 

carbon formation trend. Carbon formation is mainly caused by Boudouard reaction, 

polymerization of ethylene, or decomposition of methane formed during ethanol steam 

reforming. Carbon formation is faster when dehydration of ethanol occurs (Ni et al., 

2007a). Carbon can destroy catalyst structure and occupy catalyst surface and thus 

reduce catalyst activity. A complex multiple reaction system of ethanol steam 

reforming illustrated by Fishtik et al., (2000). They predicted the behavior of the system 

by selecting a particular set of reactions. The key finding they discovered is that if no 

additional intermediate species are observed under nonequilibrium condition, the same 

set of unique overall reactions obtained from chemical thermodynamics. It should be 

noted that if intermediates are found, they may be the significant species for shifting 

the reactions to the most desirable way and avoid the carbon formation. For this reason, 

there are controversial issues concerning the participation of acetaldehyde species as an 

intermediate that takes part in the reaction mechanism (Frusteri et al., 2004; Benito et 

al., 2005; Haryanto A. et al., 2005; Ni et al., 2007a). Benito et al., (2005) proposed the 

simplified reaction scheme of ethanol steam reforming as represented in Figure 2.2. 

They indicated that the behavior of cobalt catalyst favors dehydrogenation reactions. 

Ethanol dehydrogenation yields hydrogen and acetaldehyde. Acetaldehyde 

decomposition leads to methane and carbon monoxide. Methane is reformed with steam 

in the next reaction step to obtain hydrogen and carbon monoxide. The last reaction 

step in this proposed mechanism is the water gas shift reaction which produces 

hydrogen and carbon dioxide. On the other hand, at the beginning if ethanol is 
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dehydrated to ethylene. Ethylene is easily decomposed to carbon and deposited on the 

catalyst. Similar to Frusteri et al., (2004)’s work, they investigated the performance of 

MgO-supported metal catalyst. They found that Rh/MgO was most resistant to coke 

formation and proposed a reaction mechanism for ethanol steam reforming as show in 

Figure 2.3. 

 

 

 

Figure 2.2 Reaction scheme proposed by Benito et al., (2005). 

 

 
 

Figure 2.3 Reaction mechanisms for ethanol steam reforming (Frusteri et al., 2004). 

 

 

 

Haryanto A. et al., (2005) showed that there are several reaction pathways that 

could occur in ethanol steam reforming process, depending on the catalysts used (Figure 
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2.4). They concluded that due to the very complex reactions, it is important to reduce 

the production of undesirable intermediate compounds. Reactions to avoid are those 

that lead to ethylene. The present of ethylene especially hinders the overall hydrogen 

production reaction by inducing the pathways toward carbon formation and thus 

causing coking of catalysts.  

 

 
 

Figure 2.4 Reaction pathways of ethanol steam reforming over metal catalysts 

(Haryanto A. et al., 2005). 

 

To assure that acetaldehyde is a significant intermediate of ethanol reforming, 

there are several works focusing on the dehydrogenation reaction of ethanol. Iwasa and 

Takezawa, (1991) concluded that the dehydrogenation of ethanol to acetaldehyde 

occurs much more rapidly than its decomposition to ethyl acetate and acetic acid, and 

it is the intermediate product in the steam reforming environment. Freni S. et al., (2000) 

studied a two-layer fixed-bed reactor for hydrogen-rich gas production with the first 

layer composed of a Cu-based catalyst for ethanol dehydrogenation at 370 °C and the 

second one composed of a Ni-based catalyst under steady-state conditions at 650 °C. In 

addition, Nishiguchi et al., (2005) studied steam reforming of ethanol over CuO/CeO2. 

They revealed that acetaldehyde and hydrogen are mainly produced at low temperatures 
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(260 °C). In the conclusions of Freni S. et al., (2000) and Ni et al., (2007a), a two-step 

process of ethanol steam reforming is proposed. To overcome the coking problem by 

preventing ethylene formation, ethanol passes through the first step at 573-673 K to 

perform dehydrogenation to acetaldehyde and hydrogen, followed by acetaldehyde 

steam reforming or decomposition at higher temperature. Experiments of ethanol 

dehydrogenation were also studied by Deng et al., (1995), Iwasa and Takezawa, (1991) 

and Lin and Chang, (2004). 

Ethanol partial oxidation 

 Although several studies have been made on steam reforming of ethanol, this 

process presents some disadvantages, such as energy-consuming and severe catalyst 

deactivation. On the contrary, partial oxidation process has the merit of fast start up and 

response time because of the exothermic nature of the oxidation reaction. Furthermore, 

since this reaction does not need the external addition of heat via a heat exchanger the 

partial oxidation reactor is more compact than a steam reformer (Mattos and Noronha, 

2005a; Mattos and Noronha, 2005b; Silva et al., 2008; Wang and Wang, 2008). A few 

works have been done concentrated on ethanol reforming by partial oxidation. 

Christensen et al., (2004) studied the ethanol partial oxidation in a quartz integral 

reactor at temperatures ranging from 973 K to 1173 K, for different oxygen to ethanol 

ratios and residence time. Liguras et al., (2004) found that Ru-containing catalysts 

supported on alumina pellets showed very good catalytic behavior in catalytic partial 

oxidation process of ethanol. Mattos and Noronha, (2005a) studied the effect of reaction 

conditions and catalyst reducibility on the performance of the Pt/CeO2 catalyst in the 

partial oxidation of ethanol. The Pt/CeO2 catalyst can perform good stability and 

activity at 573 K. At higher temperature and higher residence times, the only by-product 

detected on this catalyst is methane. In another study of Mattos and Noronha, (2005b), 

they show more information about supported Pt catalysts. The results showed that the 

support plays an important role in the products distribution of the partial oxidation of 

ethanol. Methane and acetaldehyde were the products detected on Pt/ZrO2, Pt/CeO2 and 

Pt/Ce0.50Zr0.50O2 catalysts whereas ccetic acid was only the main product on Pt/Al2O3 

catalyst. Thermodynamic equilibrium is studied by Wang and Wang, (2008) in the wide 

ranges of operating conditions. and also noted that ethanol dehydration and 
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decomposition should be minimized. Thermodynamics and kinetics investigations for 

the thermal partial oxidation of ethanol were performed by Al-Hamamre and Hararah, 

(2010). In their results, the maximum reforming efficiency can be reached 90% at air 

ratio of 0.2 and temperature > 1000 K.  

Ethanol autothermal reforming 

 Autothermal reforming is a combination of steam reforming (endothermic) and 

partial oxidation (exothermic) providing the great advantage of a reasonable 

compromise between energy supplied to or released from the reaction (Cai et al., 2008). 

Using ethanol and the mixture of water and oxygen with the molar ratio of 1:1.78:0.61, 

the overall reaction can be thermally neutral in which the exothermic ethanol partial 

oxidation provides the heat necessary for the concurrent endothermic ethanol steam 

reforming (Graschinsky et al., 2012). Therefore autothermal reforming does not require 

an external heat source resulting in simpler design and higher energy management 

efficiency (Markova et al., 2009). Moreover, autothermal reforming is suitable for the 

on-board hydrogen production for portable applications requiring high hydrogen 

selectivity and rapid response (Chen et al., 2009). With respect to the ethanol 

autothermal reforming, Casanovas et al., (2010) used the benefit of autothermal 

reforming process to design a two-side platelet microreactor (Figure 2.5) and tested the 

hydrogen production from ethanol. They concluded that microreactor technology can 

be used to generate hydrogen at low temperature (733K) with the overall efficiency of 

71% under autothermal regime. Cai et al., (2008) found that the Rh/CeO2 catalyst was 

highly active and stable for autothermal reforming of ethanol with a stoichiometric feed 

composition. Experimental researchs have been conducted by Chen et al., (2009), Chen 

et al., (2010) and Gutierrez et al., (2011) to study ethanol autothermal reforming on 

various catalysts. Ethanol autothermal reforming and carbon monoxide removal 

process is optimized by Markova et al., (2009). The optimization results showed that 

the maximum hydrogen concentration of 42% and maximum hydrogen yield of 3.8 can 

be obtained at air-to-fuel combustion ratio of 0.2-0.3, steam-to-carbon feed ratio of 2.5, 

inlet and average temperatures of reactant are 230 ◦C and 640 ◦C respectively. 
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Figure 2.5 Scheme of the interchangeable platelet of the microreactor that allows good 

heat transfer between the two parts of reactions (Casanovas et al., 2010). 

 

A thermodynamic approach of the autothermal reforming of ethanol was published by 

Graschinsky et al., (2012). They detailed the study by using the total Gibbs method to 

estimate product distribution. The results showed that for steam to ethanol ratios higher 

than 3, hydrogen production reaches a maximum with the temperature but the addition 

of oxygen reduces hydrogen production. They also concerned about the important 

phenomenon of carbon formation. Thermodynamic study proves that the addition of 

water and oxygen reduces carbon formation in all conditions under their study. 

As mentioned earlier, each ethanol reforming process has certain advantages 

and disadvantages. In the past, there are few studies concerning about a comparison of 

hydrogen production from ethanol using different reforming processes. Rabenstein and 

Hacker, (2008) investigated the ethanol processing, i.e., steam reforming, partial 

oxidation and autothermal reforming, and the ranges of optimal operating conditions 

for each process were given. Based on their results, it is difficult to determine exactly 

the suitable operational policy of the reforming processes. Furthermore, the process 

performance in terms of the energy demand was only focused. The thermodynamic 

analysis of different ethanol reforming processes was also studied by Sun et al., (2012). 

The optimal conditions for operating the ethanol reformer were proposed. It was found 

that the partial oxidation of ethanol tends to be the lowest theoretical H2 yield and 

highest coke formation so it is not a suitable process for hydrogen production but it is 

necessary to consider this process when integrated with energy requiring system 
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because the ethanol partial oxidation produces a maximum heat that may provide the 

most suitable thermal management. 

 

Until now, for the in situ ethanol reforming to supply hydrogen for fuel cell, 

three aspects must be questioned: first, how can produce hydrogen in carbon free 

condition? Second, what is the most suitable ethanol reforming process for fuel cell 

application? And third, is there possible to find the new analysis tool to identify the 

most suitable ethanol reforming process? 

 

2.2 Improvement of hydrogen production 

 There is no doubt that hydrogen powered vehicles are the way forward if the 

world is serious about reducing damage to the environment, but at present there are still 

huge barriers to overcome in order to make any significant improvement of hydrogen 

production. Current methods of ethanol reforming first yield hydrogen combined with 

carbon dioxide, or hydrogen combined with carbon dioxide and methane. Therefore, 

hydrogen needs to be purified before it can be used as fuel for fuel cells. To this aim, 

different forms of in situ separation obtained by removing either hydrogen or CO2 have 

been widely reported in the literatures. 

 

Common technologies employed for hydrogen separation and purification 

include partial condensation, absorption, adsorption, permeation through membranes, 

and chemical reaction as shown in Table 2.2, various processes to separate and purify 

hydrogen are based on physical or chemical principles. In practical operations, some of 

these processes are employed according to its intended application. However, there are 

two aspects of importance to be considered in selecting a purification method. The first 

is its ability to cope with a range of gas feedstocks in term of hydrogen content and the 

second concerns that the limitation of impurities in the gas feed. 

All techniques can operate well with hydrogen-rich gas feedstocks. Partial 

condensation can tolerate a wider range of hydrogen content, typically 30 to 90 %, but 

is limited in gas composition that may selectively condense at very low temperatures. 

Although the partial condensation of hydrogen is not so popular these days, it has been 

mainly used for recovery of hydrogen from petrochemical off-gases. These gases are 
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compressed and cryogenically cooled in order to condense the hydrocarbon 

compositions.  

 

Various absorption processes using solvents or solutions have been under 

industrial operation for many years. The absorption processes are roughly classified 

into physical ones that utilized the differences in solubility between hydrogen and other 

components, and chemical ones based on chemical reactions between impurity 

components and the absorbent. The equipment consists of an absorption column where 

soluble components are trapped in an absorbent at a higher pressure or a lower 

temperature, followed by a regeneration column where the absorbed components are 

released at a lower pressure or a higher temperature. The absorbent is circulated 

between the two columns. 

 

 The most well-known adsorption technology is pressure swing adsorption 

(PSA). Its operation is based on a physical binding of gas molecules to adsorbent 

material. Specific adsorptive materials (e.g., activated carbon, zeolites, molecular 

sieves, etc.) are used as a trap, preferentially adsorbing the target gas species at high 

pressure. The process then swings to low pressure to desorb the adsorbed material. 

 

Metal hydride separation and the two diffusion techniques, polymer membrane 

and palladium membrane, have the ability to deal with feed gases lean in hydrogen. The 

hydride separation and palladium diffusion techniques are based on the very selective 

adsorption and diffusion of hydrogen, respectively, and the purity of output hydrogen 

is not affected by the leanness of the gas feed. However, polymer membrane diffusion 

is based on a differential diffusion rate principle and purity of the output hydrogen will 

be affected by the hydrogen concentration and by the nature of the other impurities in 

the input gas stream. 

By considering hydrogen production from ethanol, two techniques are actually 

utilized over this whole range of capability, namely membrane separation technology 

and chemical absorption of alkaline carbonates which is known as “Sorption-enhanced 

steam reforming technology”. Compared with another method, membrane techniques 

have economic potential in reducing operating costs, minimizing unit operations and 
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lowering energy consumption (Paglieri and Way, 2002). There have been many 

applications of palladium (Pd) in membrane reactors involving ethanol reforming for 

hydrogen production such as composite Pd supported on porous stainless steel (Basile 

et al., 2011; Seelam et al., 2012), coupled with proton exchange membrane fuel cell 

(PEMFC) for automobile applications (Song et al., 2005; De Falco, 2011), the 

comparison of the membrane reactor with a traditional reactor (Gallucci et al., 2008b; 

Manzolini and Tosti, 2008; Yu et al., 2009), the study of co-current and counter-current 

configurations (Gallucci et al., 2008a), low temperature steam reforming of ethanol 

(Tosti et al., 2008a; Tosti et al., 2008b), the effects of pressure (Tosti et al., 2011) and 

correlations in palladium membranes have been reviewed by Yun and Ted Oyama, 

(2011).  
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(Grashoff et al., 1983) 
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Sorption-enhanced steam reforming technology 

 

Sorption-enhanced steam reforming is a new field of research for to develop 

steam reforming process with in situ CO2 separation. Solid sorbent is added to the 

reactor and then converts CO2 into a solid carbonate as soon as it is formed. Calcium 

oxide has been investigated thoroughly as a suitable sorbent for SERP processes 

(Abanades, 2002; Feng B. et al., 2007; Sakadjian B.B. et al., 2007) and is believed to 

be thermodynamically the best candidate among metal oxides for CO2 capture in zero 

emission power generation systems (Abanades, 2002). Rostrup-Nielsen, (1984) 

reported that the first description of the addition of a CO2 sorbent to a hydrocarbon 

steam reforming reactor was published in 1868. The several studies of the Sorption-

enhanced are widely demonstrated in steam methane reforming process including 

stabilization of cyclic capacity (Cobden et al., 2009), technical and economic study of 

system integrated with solid oxide fuel cell (Piroonlerkgul et al., 2010) ,the performance 

study of lithium carbonate doped CaO properties (Derevschikov et al., 2011), reaction 

kinetics and sorbent capacity of CO2 adsorbent (Halabi et al., 2012), the comparative 

exergy analysis of sorption enhanced and a conventional methane steam reforming 

(Tzanetis et al., 2012) and the studies in a fluidized bed reactor (Johnsen et al., 2006; 

Chen et al., 2013b). A novel hybrid material for reforming catalyst and CO2 sorbent is 

developed by Martavaltzi and Lemonidou, (2010) and operational window as well as 

efficiency penalty in sorption-enhanced steam methane reforming is performed by 

(Solieman et al., 2009). Moreover, there is some research studied sorption-enhanced 

steam reforming of other substances such as bio-oil/biogas mixture (Iordanidis et al., 

2006), hydroxyacetone (Fu et al., 2013), glycerol (Fermoso et al., 2012; Dou et al., 

2013), and oxygenated hydrocarbons (Lima da Silva and Müller, 2011). 

In ethanol reforming process, ethanol is almost totally reformed but the primary 

products involving CH4 and CO are limited by equilibrium reactions of methane steam 

reforming and water gas shift. From the concept of sorption-enhanced reforming, if the 

CO2 can be removed from the gas as it is formed, the normal equilibrium limits are 

displaced and complete conversion can be closely approached.  

Comas et al., (2004) compared ethanol steam reforming process with and 

without the presence of CaO as a CO2 sorbent. Potential advantages of the presence of 
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CaO as CO2 sorbent include higher energy efficiency, higher hydrogen production and 

lower CO content in the reformer gas exit. The presence of CaO eliminates the need of 

a WGS reactor for PEMFC application. Favorable operation conditions in the presence 

of CaO are (1) atmospheric pressure, (2) reactor temperatures around 700 ◦C, and (3) 

water/ethanol molar ratio of 4. 

The analysis using ASPEN PLUS software was done by Mahishi et al., (2008) 

and the Gibbs energy minimization approach was followed. The effects of temperature, 

pressure, steam/ethanol ratio, and CaO/ethanol ratio on product yield were investigated. 

The case studies were conducted to understand the effect of sorbent addition on the 

hydrogen yield. Thermodynamic studies showed that the use of sorbents has the 

potential to enhance the equilibrium hydrogen yield and reduce the equilibrium CO2 

content of product gas by 50.2%. Sorbent-enhanced gasification is a promising 

technology with a potential to improve the yield and lower the cost of hydrogen 

production so it tends to be usable for the ethanol reforming process.  

Thermodynamic analysis of steam reforming of different oxygenated 

hydrocarbons (ethanol, glycerol, n-butanol and methanol) with and without CaO as CO2 

sorbent was carried out by Lima da Silva and Müller, (2011). The results indicated that 

the sorption enhanced steam reforming is a fuel flexible and effective process to 

produce high-purity H2 with low contents of other compositions in the temperature 

range of 723-873 K. For all the oxygenated hydrocarbons investigated in this work, 

thermodynamic study predicted that high-purity hydrogen with CO content within 20 

ppm required for proton exchange membrane fuel cell applications can be directly 

produced by a single-step sorption-enhances ethanol steam reforming process in the 

temperature range of 723-773 K at pressures of 3-5 atm. Thus, further processes 

involving water-gas shift and preferential CO oxidation reactors are not necessary. 

Saebea et al., (2011) applied an adsorption-membrane hybrid system in which 

a carbon dioxide adsorbent is used to remove undesired carbon dioxide and a membrane 

to improve the performance of an ethanol steam reforming. It was found the boundary 

of carbon formation is likely to decrease when carbon dioxide adsorption is considered. 

The use of the adsorption-membrane hybrid system in ethanol steam reforming process 

does not only provide the highest hydrogen yield but also obtain pure hydrogen product.  
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CuMgAl based materials was employed by Cunha et al., (2013) to be the 

ensemble of catalyst and adsorbent for reaction enhancement of catalytic steam 

reforming of ethanol. It was experimentally proved that hydrogen was generated in the 

temperature range between 473 K and 873 K and these materials have s similar CO2 

adsorption capacity as pure hydrotalcites at 673 K.  

Wu et al., (2013) used the NiMgAl multifunctional materials to perform 

sorption-enhances steam reforming of ethanol on their experimental and numerical 

work. The kinetic results obtained that the support material with nickel impregnation 

has a similar CO2 adsorption capacity as pure hydrotalcites. To achieve the highest 

possible enhancing performance, the reaction conditions were found as steam-to-

ethanol molar ratio of 10, weight of active metal per ethanol molar flow rate in the feed 

of 0.25 kg h/mol at temperature of 773 K. It was also found that the use of a CO2 

adsorbent can improve the yield of H2 and the thermal efficiency. 

 

2.3 Solid Oxide Fuel Cell (SOFC) 

There have been several publications focusing on the performance of solid oxide 

fuel cell. Among various papers, three approaches are presented, i.e., 1) design of solid 

oxide fuel cell stack to avoid the possible problems of practical operations and improve 

the efficiency of system to reach the maximum, 2) solid oxide fuel cell modeling by 

using mathematical solver or process simulator investigated the internal processes 

inside the cell including the electrochemical reactions in the catalyst layers, the ion 

transfer in the electrolyte layer and mass and heat transport within all regions and 3) 

the abilities of solid oxide fuel cell integrated systems for various applications.  

 

2.3.1 SOFC Design 

Recently, there have been several publications focusing on designing of SOFCs. 

Such designs can be for different geometries (planar, tubular, or monolithic), flow 

configurations (co-, cross-, or counter-flow), support structures (anode-, cathode-, or 

electrolyte-support), ion-conducting electrolytes (proton-, or oxygen-conductor), 

temperatures (low-, intermediate-, or high-temperature SOFC), materials and their 
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applications. These common designs have been studied both experimentally and 

computationally in literatures. 

 

The cell geometries of SOFC can be developed into planar, tubular and 

monolithic configurations. One of these configurations, the planar type design has 

received much attention recently (Tseronis et al., 2012; Chen et al., 2013a; Dey et al., 

2013; He et al., 2013; Yan et al., 2013), because it is simpler to fabricate and easier to 

be made into various shapes than the other type designs. Besides, the planar type SOFC 

offers higher power density relative to the tubular type SOFC, which is ascribed to the 

low electrical resistance due to shorter current paths and lower ohmic loss (Tanim et 

al., 2014). A typical planar SOFC is analyzed by Tseronis et al., (2012) in parametric 

and transient studies for non-isothermal conditions. However, the interest in tubular 

cells is unique to SOFC: sealing around cell edges and controlling temperature 

gradients are among the major issues to be resolved in planar SOFCs. In SOFC, the 

benefit of a simple sealing arrangement potentially outweighs the disadvantages of low 

volumetric power density and long current path that are inherent in tubular cell 

geometries. A numerical model to simulate the effect of combustion zone geometry on 

the steady state and transient performance of a tubular solid oxide fuel cell (SOFC) has 

been developed by Jia et al., (2007). The simulations predicted that increasing the 

length of the combustion zone would lead to an increase of the overall cell tube 

temperature and a shorter response time for transient performance. Enlarging the 

combustion zone, however, makes only a negligible contribution to electricity output 

properties, such as output voltage and power. These numerical results show that the 

developed model can reasonably simulate the performance properties of a tubular 

SOFC and is applicable to cell stack design. The flat-tube SOFC (FT-SOFC) exhibits 

the advantages of ease in sealing, low stack volume and low current-collecting 

resistance. However, due to its weak strength, the FT-SOFC may get deformed or break 

during the manufacturing process. To improve the cell strength, the cell support must 

be thickened. However, as the support thickness is increased, the electrons must travel 

a longer distance, which leads to an increase in the electrical resistance. In another 

method, the hydrogen channel diameter can be reduced for the strong strength. But, it 

may lead to a corresponding decrease in the hydrogen mass transfer rate. Although in 
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manuscript of Park et al., (2012) study the performance of several FT-SOFC designs 

and suggest the better design of tubular, planar design has an advanced benefit. 

 

The effects of flow configurations are investigated by Aguiar et al., (2004) and 

Sohn et al., (2010). Aguiar et al., (2004) studied the planar-SOFC system behavior 

under co and counter-flow operations. The results showed that the co-flow 

configuration is better than the counter-flow because the counter-flow leads to steep 

temperature gradients with a consequent uneven current density distribution. However, 

a two-dimensional micro/macro scale model as an efficient numerical framework for 

simulating intermediate temperature solid oxide fuel cells (IT-SOFCs) proposed by 

Sohn et al., (2010) showed that the counter-flow configuration was higher performance 

than the co-flow configuration. But the co-flow configuration had a more uniform 

current density distribution than the counter-flow configuration. In addition, the co-

flow configuration exhibited more uniform temperature distribution, which is 

advantageous to long-term of IT-SOFC performance and durability. The concept of a 

single-chamber solid-oxide fuel cell (SC-SOFC) has been proposed by Wang et al., 

(2008) due to large internal stress during the heating and cooling processes resulting 

from the thermal expansion mismatch between cell components and sealant. The fuel 

cell envisaged not only an increase of the peak power density to ~200 mWcm−2 but also 

a significant improvement of the anodic coking resistance. Wang et al., (2011) also 

proposed the single-chamber solid oxide fuel cell (SC-SOFC) with a right-angular 

configuration. It is shown that the cell exhibits the smallest ohmic resistance when the 

two electrodes are symmetrically located on the two planes. Compared with the 

conventional coplanar SC-SOFC, this configuration can make full use of the edge area 

of the electrolyte substrate and shorten the conductive channel of oxygen ion, leading 

to a remarkable reduction in ohmic resistance, an elevation of the open-circuit voltage, 

and, ultimately, an improved performance. 

 

Different support structures (anode-, cathode-, or electrolyte-support) in planar 

SOFC affect on the performance. So Patcharavorachot et al., (2008) presented a 

performance analysis of a planar solid oxide fuel cell (SOFC) with different support 

structures. An electrochemical model, taking into account structural and operational 
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parameters and gas diffusion at the electrodes, is used to analyze the characteristics of 

the planar SOFC. Analysis of individual cell voltage loss indicates that ohmic loss 

dominates the performance of an electrolyte-supported SOFC whereas activation and 

ohmic overpotentials constitute the major loss in an electrode-supported counterpart. 

Sensitivity analyses of the anode-supported SOFC show that decreasing the electrolyte 

and anode thickness can improve cell performance. A decrease in operating temperature 

causes the cell to operate at a lower range of current density due to an increase in ohmic 

and activation overpotentials. Further, increasing the operating pressure and degree of 

pre-reforming reduces the concentration overpotential and thereby enhances cell 

performance. Chan et al., (2001) also shows the performance of an anode-supported 

cell is superior to that of an electrolyte-supported cell or a cathode-supported cell for 

the same materials used, same electrode kinetics and same operational constraints. 

When all three components are of the same thickness, the sensitivity of cell voltage due 

to the change of electrolyte thickness is the highest, then sensitivity of cell voltage due 

to the change of cathode thickness and finally the sensitivity of cell voltage due to the 

change of anode thickness. Reducing all three component thicknesses causes, in 

general, reduced sensitivity strength with an improved operating current density range. 

 

Solid electrolytes of SOFCs can be divided into two types, namely oxygen ion-

conducting (SOFC-O2-) and proton-conducting electrolytes (SOFC-H+). Obviously, 

most SOFC studies have employed oxygen ion-conducting electrolytes although 

proton-conducting electrolytes are also applied in SOFC. The performance of ethanol-

fuelled solid oxide fuel cells (SOFCs) with two types of electrolytes was investigated 

by Jamsak et al., (2007). When all resistances are taken into account, the actual 

performance of the SOFC-O2- becomes significantly better than that of SOFC-H+. The 

maximum power density of the SOFC-O2- is about 34 times higher than that of SOFC-

H+. However, there are a few studies on the development of proton- and mixed ions 

conducting electrolytes (Fan et al., 2011; Bertei et al., 2012; Zhao et al., 2012). Fan et 

al., (2011) measured electrochemical impedance spectroscopy of the samaria doped 

ceria-carbonate (SCC) and found that mixed H+/O2- conduction improves the effective 

ionic conductivity of composite electrolyte. 

 



 
 

 

28 

Conventional SOFCs operated at high temperature around 1000 ◦C to achieve 

maximum ionic conductivity of electrolytes. However, such a severe condition poses 

some disadvantages on commercialization, e.g. expensive material, thermal stress, long 

start-up and shut down time and high running cost (Zhao et al., 2013). Therefore, lower 

temperature-SOFCs also known as intermediate temperature SOFCs have attracted an 

increasing interest in recent years. Zhu, (2001) presented the several advantages of 

intermediate temperature SOFCs for stationary and vehicle applications. The materials 

for intermediate-to-low temperature operation have been developed by Mat et al., 

(2007), Gao et al., (2010), Suzuki et al., (2011), Fan et al., (2011), Huang et al., (2011), 

Huang et al., (2012), Qin et al., (2012). 

 

More recently, SOFCs have a wide variety of applications from use as auxiliary 

power units in vehicles (Zhu, 2001; Brett et al., 2006a; Brett et al., 2006b; Baniasadi 

and Dincer, 2011; Tanim et al., 2014), for marine applications (Tse et al., 2011), 

residential applications (Braun et al., 2006; Fujita et al., 2012) and for combine cooling, 

heating and power generation (Al-Sulaiman et al., 2010a; Yu et al., 2010; Ma et al., 

2011; Al-Qattan et al., 2014). 

 

2.3.2 SOFC modeling 

 

Mathematical models are essential tool for design and selecting the optimum 

operating conditions of SOFC and for studying and development the performance of 

SOFC. In general, the modeling of SOFC consists of an electrochemical model and 

mass and energy balances. A great number of researchers had investigated in the 

development of mathematical models SOFC in various aspects. 

 

An electrochemical model has been developed to describe multiple phenomena 

contributed to irreversible losses in an actual fuel cell. The losses, which are called 

polarization, overpotential, or overvoltage in the SOFC caused by three main sources: 

1) activation polarization; 2) ohmic polarization; and 3) concentration polarization. 

Electrochemical models of solid oxide fuel cells are studied by Virkar et al., (2000), 

Chan et al., (2001), Suwanwarangkul et al., (2003), Zhu and Kee, (2003), Costamagna 
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et al., (2004), Aguiar et al., (2004), Noren and Hoffman, (2005), Sánchez et al., (2006), 

(Patcharavorachot et al., 2008), Hofmann and Panopoulos, (2010), Lo Faro et al., 

(2011), Park and Bae, (2012), Pirkandi et al., (2012), Kromp et al., (2013). Chan et al., 

(2001) presented a complete polarization model of a solid oxide fuel cell (SOFC) that 

eliminates the ambiguity of the suitability of such model when used under different 

design and operating conditions. The Butler-Volmer equation is used in the model to 

describe the activation overpotential instead of using simplified expressions such as the 

Tafel equation and the linear current potential equation. The detailed Butler-Volmer 

equation was also discussed by Noren and Hoffman, (2005). They focused on the 

importance of including the activation losses in a model designed to accurately predict 

the voltage–current relationship of a modern solid oxide fuel cell. To predict the 

concentration overpotential, both ordinary and Knudsen diffusions are considered by 

Chan et al., (2001) to cater for different porous electrode designs. And Suwanwarangkul 

et al., (2003) developed models for mass transport inside a porous SOFC anode based 

on Fick’s model (FM), the dusty-gas model (DGM) and the Stefan–Maxwell model 

(SMM) to show the effect of pore size on all model predictions. They concluded that 

the dusty-gas model is the most appropriate model to simulate gas transport phenomena 

inside a SOFC anode. However, this model requires numerical solution, whereas Fick’s 

and Stefan–Maxwell’s do not. It was found that the SMM, rather than the FM, is a good 

approximation of the dusty-gas model for H2–H2O system, except in the case of high 

current density, low H2 concentration and low porosity, where only the DGM is 

recommended. For the CO–CO2 system, there is no simple rule for selecting an alternate 

model to DGM. Depending on the CO concentration, porosity and current density, the 

FM or the SMM could be used. The only restriction is for small porosities where only 

the DGM should be used. Their work also demonstrated that only the DGM is 

recommended for a multicomponent system (H2–H2O–CO–CO2). Moreover, activation 

and concentration polarization effects in anode-supported solid oxide fuel cells (SOFC) 

were examined by Virkar et al., (2000) in term of the role of electrode microstructure. 

In Zhu and Kee, (2003)’s work, concentration overpotentials are based on a dusty-gas 

representation of transport through porous electrodes.  
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Mass transport phenomena taking place in solid oxide fuel cells are modeled 

and discussed by Tseronis et al., (2008), Bertei et al., (2012), Novaresio et al., (2012) 

and Wang et al., (2012). Tseronis et al., (2008) used the dusty-gas model to predict 

species composition profiles with more realistic operating conditions. Mathematical 

models of mass and charge transport have been described by Bertei et al., (2012). Their 

design analysis allowed the identification of how geometrical and morphological 

parameters affect the cell performance. Novaresio et al., (2012) revealed the open-

source library for the numerical modeling of mass transfer in solid oxide fuel cells 

which is essential for the design and optimization of this technology. The performance 

of three different types of models, the dusty-gas model, the binary-friction model and 

the cylindrical pore interpolation model, were compared by Wang et al., (2012). 

However, they concluded that all three models gave a similar performance in term of 

predicting the concentration overpotential and fuel composition profiles for different 

cases. A lot of investigations have been also presented in order to simulate the heat 

transfer within SOFCs. The full and steady-state heat transfer equations were 

analytically solved by Coutelieris et al., (2005) for both solid and gas phase with 

appropriate boundary conditions. They obtained analytical expressions for the local and 

the overall heat transfer coefficients. Transient heat transfer models were presented by 

Colpan et al., (2011). Their successful model of a planar solid oxide fuel cell operated 

with humidified hydrogen was used to simulate at the heat-up and start-up states. Amiri 

et al., (2013) detailed a mathematical model the account for mass, momentum, heat, 

and electrical charge transfer for a tubular micro-solid oxide fuel cell. 

 

The models that include mass and energy balances and an electrochemical 

model have been used to study the complicated interactions between the various 

phenomena occurring inside the cell and to optimize the system performance. For 

complete work, Aguiar et al., (2004) developed a model predicted the SOFC 

characteristics both in the steady and the transient states. It consisted of mass and energy 

balances, and an electrochemical model. For the mass balance the molar flux in the gas 

channels was considered convective in the flow direction. It was assumed that only 

hydrogen was electrochemically oxidized and that all of CO was converted through the 

shift reaction, considered to be at equilibrium. In the fuel channel, three reactions are 
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taken into account: 1) methane steam reforming; 2) water gas-shift; and 3) hydrogen 

electrochemical oxidation. In the air channel, only the reduction reaction of O2 was 

considered. Faraday’s law related the flux of reactants and products to the electric 

current arising from an electrochemical reaction. In the energy balance were included 

the released heat from electrochemical reactions and ohmic losses; the convective heat 

transfer between cell components and gas streams; and the in-plane heat conduction 

through cell components. The thermal fluxes were supposed to be conductive and 

radiate between the PEN and the interconnect components. However, in the gas 

channels, they were assumed to be convective in the gas flow direction and from the 

gas channels to the solid parts. In the electrochemical model the OCV was calculated 

by the Nernst equation and the SOFC stack was considered isopotential. 

 

2.3.3 SOFC system 

 

 Solid oxide fuel cells are considered as one of the most promising technology 

characterized by a high efficiency, low CO2 emissions, and high flexibility in term of 

fuels and installation requirements; however, this technology is too expensive to stand 

alone. The challenges for the commercialization are to reduce cost and increase the 

reliability of the system. And then the challenges extend to the integration of SOFC 

system for more applications. 

 The high temperature exhaust gas from SOFC can be utilized in energy 

requiring units like preheaters and reformers and in even other cycles i.e. Rangkine, 

Brayton for additional power generation. The simulation and heat integration of a solid 

oxide fuel cell (SOFC) integrated with an ethanol steam reforming system was carried 

out by Arteaga-Perez et al., (2009). Two heat exchanger networks were designed being 

demonstrated that when the fuel utilization coefficient in the SOFC is 80%, the 

reforming reactor temperature 823 K and the ethanol to water molar ratio 1:5.5 the auto-

sustainability condition is reached. It was also demonstrated that an efficient ethanol 

processor not only depends on the reaction but also depends on well designed heat 

exchanger network and process integration. On the Brayton cycle operation, gas turbine 

power plant suffers from low efficiencies. To improve system efficiencies and 

economics, the SOFC is proposed for integration into gas turbine power plant (Cheddie, 
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2011). The integration of SOFC technology with turbine cycles has been also analyzed 

by many researchers. For examples, Zhang et al., (2011) discussed the effects of some 

key irreversibilities existing in the fuel cell and gas turbine such as electrochemical 

reactions, electronic/ionic resistances in the fuel cell, heat leakage from the fuel cell, 

finite-rate heat transfer, and irreversibilities adiabatic processes in the gas turbine on 

the performance of the hybrid system. System layouts for integrated gasification solid 

oxide fuel cell/gas turbine systems were performed by Park et al., (2011) with carbon 

dioxide capture. The results shows that the oxy-combustion technology provided much 

higher efficiency that the pre-combustion. The solid oxide fuel cell and micro gas 

turbine system were analyzed by Sanaye and Katebi, (2014) in energy, exergy, 

economic and environmental aspects. Moreover, the exergy analysis of the integration 

of SOFC technology with gas turbine has been also studies by Calise et al., (2006), 

Haseli et al., (2008), Stamatis A. et al., (2012) and (Ishak et al., 2012). 

 

Cogeneration or Combined Heat and Power (CHP) are defined as the use of a 

heat engine or power station to generate electricity and useful heat at the same time. 

While trigeneration or Combined Cooling Heat and Power (CCHP) refers to the 

simultaneous generation of electricity and useful heating and cooling. An absorption 

chiller is a closed loop cycle that uses waste heat to provide cooling or refrigeration 

(Somers et al., 2011), which has attracted increased interest throughout the world 

because of its advantages over other vapor-compression refrigeration systems, 

including its quiet operation, high reliability, and long service life (Dincer and Rosen, 

2013). To date, the use of absorption chillers has been limited by their relatively poor 

efficiency at delivering cooling compared to vapor compression cycles. However, 

absorption chillers are still widely used because they can utilize low temperature (<100 

๐ C) heat to provide cooling (Somers et al., 2011). Thus, in processes where low 

temperature waste heat is available and cooling is desired, it is often beneficial to 

implement an absorption chiller to increase the overall energy efficiency of the process 

(Maidment et al., 1999; Moné et al., 2001). There are few existing studies which 

examine the feasibility of using absorption chillers based on SOFCs for trigeneration 

plants. Tse et al., (2011) investigated the feasibility of combining a SOFC-gas turbine 

system and a double effect absorption chiller in a trigeneration system to drive the 
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heating ventilation and air conditioning (HVAC) and electrical base-load system. They 

found that the net electric power increases by 47% relative to the electrical power 

available for a conventional SOFC-gas turbine –HVAC system. A total energy system 

integrating the SOFC with the absorption chiller has been developed by Yu et al., 

(2010) and simulated by using a program based on MATLAB soft package. The 

program is divided into three modules based on the modular programming principle: 

SOFC module, exhaust combusting and reactant preheating module, and the absorption 

chiller module. The results show that the cooling efficiency increased when the current 

density is increased, while the electrical efficiency and total efficiency decreased at the 

same conditions. The electrical efficiency and total efficiency have a maximum value, 

whereas the cooling efficiency gets a minimum value at fuel utilization of 0.85 with 

variation of the fuel utilization factor. A more detailed integrated trigeneration system 

incorporating a solid oxide fuel cell (SOFC) and a double-effect water/Lithium 

Bromide absorption chiller with a typical gas produced from a gasification process has 

been presented by Yu et al., (2011). This study mainly focused on the effect of several 

parameters: the fuel utilization ratio, fuel flow ratio and air inlet temperature. The 

results also showed that the proposed tri-generation can achieve a combined cooling 

and power efficiency of 89% or a combined heating and power efficiency of 

approximately 84%. 

 

According to the use of ethanol as fuel in SOFCs, the integration of traditional 

technology of sugar production, ethanol and bagasse cogeneration with a SOFC has 

been studied by (Casas et al., 2011). The results demonstrated that the system is likely 

to be environmental friendliness with respect to greenhouse gas emission, renewability 

and exergy efficiency. From these results, it may bring forward in economic and social 

impacts. 

 

2.4 Energy and exergy analyses 

The existent studies that rely on the energy and exergy analyses of fuel 

processors, solid oxide fuel cells, and their integrated system are reviewed in this 

section. Douvartzides et al., (2004a) analyzed the effect of the reforming factor on the 

optimum exergetic efficiency for a solid oxide fuel cell (SOFC) power plant involving 
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external ethanol steam reforming. They found that the exergy destruction rate is 

maximized in unit operation which conducts combustion process as the afterburner. 

The study on ethanol fueled proton exchange membrane fuel cell for automobile 

applications was integrated by Song et al., (2005). They concluded that the utilization 

of excess steam results in an increase of the overall exergy destruction and lowering to 

the plant efficiency. Recently, a more detailed mathematical model was reported by 

Casas et al., (2010). They developed an energy-exergy analysis in order to optimize the 

operating parameters of a SOFC power plant and suggested that the efficient use of 

wasted heat by the cell in a combined cycle can reduce the irreversibilities in the system 

as well as the energy and exergy efficiencies. Because the use of too high temperature 

of SOFC exhaust gas for a refrigeration cooling system may led to the main causes of 

irreversibility, in this regard, an exergy analysis reveals minimizing thermodynamic 

inefficiency through energy systems. It is well known that different energy has different 

energy quality and it is important to efficiently and scientifically dispatch the energy 

among multiple products of cooling, heating, and power. However, exergy analysis 

cannot completely solve the energy matching problem between supply and demand 

(Gao et al., 2015). Thermodynamically, developing energy and exergy strategies to 

provide guidelines are needed for more effective use of exhaust heat for this combined 

cycle. At present, considerable efforts are devoted to develop SOFC-trigeneration 

system by applying energy and/or exergy analysis. Al-Sulaiman F.A. et al., (2011) 

demonstrated an energetic performance comparison of three trigeneration systems: 

SOFC-trigeneration, biomass-trigeneration, and solar-trigeneration systems. The 

comparative study showed that the SOFC-trigeneration system exhibited the highest 

electrical efficiency among the three systems. Al-Sulaiman et al., (2010a) also 

conducted an energy analysis of a trigeneration plant based on an SOFC and an Organic 

Rangkine Cycle (ORC) in another. The study revealed that there was at least a 22% 

gain in efficiency when a trigeneration system was used compared to only the power 

system. The study also determined that the efficiency of the SOFC decreased as the 

current density increased. However, the change in the current density of the SOFC had 

a negligible effect on the trigeneration efficiency, whereas increasing the SOFC inlet 

flow temperature afforded significantly improved trigeneration efficiency. A 

comprehensive exergy analysis of a trigeneration plant based on an SOFC and an ORC 



 
 

 

35 

was also performed by Al-Sulaiman et al., (2010b) The study revealed that the operating 

condition increased the gain in the exergy efficiency when trigeneration was used 

compared to a power cycle alone from 3 to 25%. In addition, it was shown that the most 

significant sources of exergy destruction rates are the ORC evaporator, air heat 

exchanger at the SOFC inlet and the heating process heat exchanger. Therefore, further 

improvements in designing these three components are needed. 

 



 

CHAPTER III 

THEORY 

This chapter presents the main principles of this thesis. There are as follows: 

firstly, presenting the description general basic concepts of fuel cells, such as principle, 

type of fuel cell in section 3.1; secondly, presenting the details of solid oxide fuel cell 

(SOFCs) which is the fuel cell type of this interest in this thesis in section 3.2; thirdly, 

Ethanol reforming for SOFC by describing each reforming process and the 

development of the hydrogen product through sorption-enhanced steam reforming and 

reformate gas dehumidification technology in section 3.3; finally, principle of SOFC 

integrated system for combined cooling, heat and power generation in section 3.4. 

 

3.1 Fuel Cells 

3.1.1 Principle of fuel cells  

Fuel cells are electrochemical devices that convert chemical energy in fuels into 

electrical energy directly without the intermediate steps of producing mechanical work. 

The interest in fuel cells has increased during the past decade due to the fact that the 

use of fossil fuels for power has resulted in many negative consequences such as severe 

pollution, extensive mining of the world's resources, and political control and 

domination of countries that have extensive resources. Because combustion is avoided, 

fuel cells produce power with minimal pollutant and they have the ability to fulfill all 

of the global power needs while meeting the efficacy since fuel cells are not limited by 

thermodynamic limitations of heat engines such as the Carnot efficiency (EG&G 

Technical Services, 2004). In 1839, William Grove discovered the basic operating 

principle of fuel cells by reversing water electrolysis to generate electricity from 

hydrogen and oxygen. The principle that he discovered remains unchanged today while 

fuel cells are now closer to commercialization than ever. 
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3.1.2 Types of fuel cell and applications 

A variety of fuel cells are classified by the type of electrolyte used in the cells 

and the choice of electrolyte dictates the operating temperature range of the fuel cell 

representing the physicochemical and thermo-mechanical properties of materials used 

in the cell components (i.e., electrodes, electrolyte, interconnect, current collector, etc.). 

The operating temperature also plays an important role in dictating the degree of fuel 

processing required. Table 3.1 provides an overview of the key characteristics of the 

main fuel cell types. 

 

3.2 Solid oxide fuel cell (SOFC) 

3.2.1 SOFC features 

 Solid oxide fuel cell (SOFC) has all-solid-state construction which has a three-

layer sandwich structure: two porous electrode; anode and cathode, serving as the 

chemical reaction, and the electrolyte, serving a three-diffusion layer of oxygen ions 

but electrically nonconductive. Along with high operating temperatures, SOFC offers 

several advantages over the other types of fuel cell as follows: 

 Because the electrolyte is solid, the cell can be cast into various shapes, such as 

tubular, planar, or monolithic. The solid ceramic construction of the unit cell 

alleviates any corrosion problems in the cell and avoids electrolyte movement 

or flooding in the electrodes. 

 The kinetics of the cell is relatively fast; therefore, expensive noble metal 

catalysts are not needed. 

 SOFC can tolerate relatively high impurity content in the fuel. It can be operated 

by hydrogen or renewable fuels including ethanol, biomass and glycerol.   

 SOFC do not suffer from CO poisoning. Indeed, CO is a directly useable fuel 

in SOFC. 

 The high operating temperature allows use of most of the waste heat for 

cogeneration or in bottoming cycles. The overall efficiency of the system can 

be significantly increased when this waste gas is fully utilized. 
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Table 3.1 Different types of fuel cell and applications. 

 

Fuel cell 

type 
Electrolyte 

Operating 

temperature 

Mobile 

ion 
Fuel Applications 

Alkaline FC 

(AFC) 

KOH 50-200 oC OH   Pure H2  Used in space 

vehicles, e.g. 

Apollo,Shuttle. 

Proton 

exchange 

membrane 

FC 

(PEMFC) 

Solid 

polymer 

(such as 

Nafion) 

30-100  oC H
 Pure H2 

(tolorates 

CO2) 

Vehicles and 

mobile 

applications, and 

for lower power 

CHP systems 

Phosphoric 

acid FC 

(PAFC) 

Phosphoric 

acid 

~220  oC H
 Pure H2 

(tolorates 

CO2, 

approx. 

1% CO) 

Large numbers 

of 200-kW 

CHP systems in 

use 

Molten 

carbonate 

FC (MCFC) 

Lithium and 

potassium 

carbonate 

~650 oC 2-

3CO  H2, CO, 

CH4, other 

hydrocarbo

ns 

(tolerates 

CO2) 

Suitable for 

medium- to 

large-scale 

CHP systems, 

up to MW 

capacity 

Solid oxide 

FC (SOFC) 

Solid oxide 

electrolyte 

600-1000 oC 2-O  H2, CO, 

CH4, other 

hydrocarb

ons 

(tolerates 

CO2) 

Suitable for all 

sizes of CHP 

systems, 2kW 

to multi-MW 
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However, the high temperature of the SOFC has its drawbacks. There are 

thermal expansion mismatches among materials, and sealing between cells is difficult 

in the flat plate configurations. The high operating temperature places severe 

constraints on materials selection and results in difficult fabrication processes. 

Corrosion of metal stack components is a challenge. 

 

3.2.2 SOFC operation 

A schematic representation of an SOFC operation is depicted in Figure 3.1. In 

SOFC operation, oxygen or air is reduced to oxygen ions at the cathode: 

 

0.5O2 + 2e− → O2- (3.1)  

 

The oxygen ions diffuse into the electrolyte material and migrate to the other 

side of the cell where they contact the anode. The high ionic conductivity and the high 

electrical resistance of electrolyte allow only O2- ions to migrate from the cathode to 

the anode. At the anode, O2- reacts with hydrogen producing water: 

 

 

 

Figure 3.1 Schematic representation of a Solid Oxide Fuel Cell 
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H2 + O2− →H2O+ 2e−  (3.2) 

 

As reaction 3.2 occurs, electrons are released at the anode and migrate from the cathode 

through an external electric circuit, thus generating an electric current. The overall 

reaction occurring in the cell is: 

 

H2 + 0.5O2 → H2O (3.3) 

 

As a result, the fuel gas is diluted by water vapor, and the cell performance deteriorates 

unless the fuel gas is circulated to remove vapor. 

 

3.2.3 SOFC characteristic 

The key performance measure of a fuel cell can be determined by the actual 

voltage. When a fuel cell is operating, it is found that the actual voltage is less than the 

theoretical voltage which is the maximum voltage that can achieved by a fuel cell at no 

load conditions. The theoretical voltage can be calculated by the Nernst equation. 

However, as current passes though the cell, the voltage is expected to drop from the 

theoretical voltage due to the irreversibilities in fuel cell. Three main voltage losses are 

(1) activation loss, (2) concentration loss and (3) ohmic loss. The different loss 

mechanisms dominate at different levels of current density as seen in Figure 3.2. The 

current density is defined as the current produced per unit fuel cell area. These loss 

mechanisms are discussed in more detail in section 4.3.2. 
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Figure 3.2 Current-Voltage characteristics of fuel cell 

 

3.2.4 SOFC materials 

To avoid separation and cracking during fabrication and operation at high 

temperature, the components for ceramic SOFC must have similar coefficient of 

thermal expansion. Both the anode and cathode must be porous to allow gas transport 

to the reaction site, whereas the electrolyte must be dense in order to separate the 

oxidant and fuel gases. The selection of materials is usually the result of a compromise 

between the below characteristics: 

 

 High chemical stability under the relative operational conditions 

 High electrical conductivity for the electrodes and electrical interconnects 

 High ionic conductivity and almost zero electrical conductivity for the 

electrolyte 

 Low cost 

In this study, materials used for SOFC components are summarized in Table 

3.2. 
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Table 3.2 Materials used for SOFC components 

 

Component composition 

Anode 

Cathode 

Electrolyte 

Ni-YSZ cermet 

strontium-doped lanthanum manganite (LSM) 

yttria-stabilized zirconia (YSZ) 

 

3.3 Ethanol reforming for SOFC 

 Fuel cells utilize hydrogen as fuel of the system. Although hydrogen is the 

lightest, the simplest, and one of the most abundant elements in nature, it is not a free 

element. There are different configurations and reforming processor which are 

presented in this section. Moreover, this section also provides the principle of ethanol 

reforming mechanism, sorption-enhanced reforming and dehumidification in the 

reforming reaction, which leads to the technologies of improvement for ethanol 

reforming. 

 

3.3.1 Ethanol 

Ethanol, is an alcohol, is a clear, colorless liquid with a characteristic, 

flammable and high octane number (99.8% ethanol has an octane number of 113). 

Ethanol has widespread use as a solvent of substances intended for human contact or 

consumption, including scents, flavorings, colorings, and medicines. In chemistry, it is 

both an essential solvent and a feedstock for the synthesis of other products. It has a 

long history as a fuel for heat and light, and more recently as a fuel for internal 

combustion engines. It can be mixed with petrol; this increases the octane number of 

petrol such as gasohol. 

 

 In this research, ethanol (Ethanol) is considered to be a promising candidate as 

a source for renewable hydrogen because it can be produced renewably through the 
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fermentation of biomass, waste material from agro-industries, or even organic fraction 

of municipal solid waste. It present several advantages over other fuels related to natural 

availability, easy to store, handle, and transport in a save way due to its lower toxicity 

and volatility. The properties of ethanol used as fuel shown in Table 3.3. 

 

Table 3.3 The properties of ethanol used as fuel 

 

Properties Value 

Name Ethanol or Ethyl Alcohol 

Chemical formula C2H5OH 

Molecular weight 46.07 g/mol 

Density 0.789 g/cm3 

Melting point -114.3 ๐C 

Boiling point 78.4 ๐C 

Viscosity 1.20 mPa·s (cP) at 20.0 ๐C 

Flash point 13 ๐C 

Lower heating value 1,230 kJ/mole of ethanol 

Higher heating value 1,300 kJ/mole of ethanol 
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3.3.2 Ethanol reforming processes 

The generic term most often applied to the process of converting ethanol to 

hydrogen and carbon monoxide is “reforming”. There are a number of methods to 

reform fuel. The three most commercially developed and popular methods are 1) steam 

reforming, 2) partial-oxidation reforming, and, 3) autothermal reforming. Steam 

reforming (SR) provides the highest concentration of hydrogen and can obtain a 

conversion efficiency. Partial oxidation (POX) is a fast process, good for starting, fast 

response, and a small reactor size. Non-catalytic POX operates at temperatures of 

approximately 1,400 ๐C, but adding a catalyst (catalytic POX or CPOX) can reduce this 

temperature to as low as 870 ๐C. Combining steam reforming closely with CPOX is 

termed autothermal reforming (ATR). 

 

 a) Steam reforming 

At present, ethanol steam reforming is the most widely used process because it 

provides a higher hydrogen yield and a lower rate of side reactions. This process, 

however, has some limitations, e.g., slow start-up time, high energy consumption and 

severe catalyst deactivation. Ethanol steam reforming is an endothermic process that 

combines ethanol with steam over catalysts at high temperatures as: 

 

2 5 2 2C H OH H O 2CO 4H    (3.4) 

 

However, there are several reaction pathways that could occur in ethanol/water system, 

depending on the catalysts used. Various kinds of intermediate by-products such as 

acetaldehyde and ethylene are usually formed the feasible reactions of ethanol/water 

system are ethanol dehydrogenation, acetaldehyde decomposition, ethanol dehydration, 

methane steam reforming and water gas shift reaction as shown in Table 3.4. According 

to the complete steam reforming reaction, which gives the maximum hydrogen yield, 

is given by the following reaction: 

 

2 5 2 2 2C H OH 3H O 2CO 6H    (3.5) 
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 b) Partial oxidation 

The partial oxidation of ethanol is an exothermic process in which ethanol and 

oxygen are combined in proportions to partially combust ethanol into a gaseous mixture 

of H2 and CO. The advantages of the ethanol partial oxidation are fast start-up and less 

system complexity because it does not need an external heat source and a water balance. 

However, this process provides low hydrogen yield. The incomplete ethanol oxidation 

reaction is shown as:  

 

2 5 2 2

1
C H OH O 2CO 3H

2
    (3.6) 

 

 c) Autothermal reforming 

 The autothermal reforming of ethanol, also known as an oxidative steam 

reforming, is an exothermic process. This type of the reforming method combines the 

steam reforming and the partial oxidation reactions in a single process, in order to 

achieve the minimum energy input necessary to maintain the reformer at a desired 

temperature. The autothermal reforming reaction is shown in Eq. (3.7), which 0.61 mol 

of oxygen is needed to react with one mole of ethanol (Graschinsky et al., 2012). 

 

2 5 2 2 2 2C H OH 1.78H O 0.61O 2CO 4.78H     (3.7) 

 

One of the most important things that should be concerned is the carbon 

formation problem. The possible reaction pathways of each ethanol reforming process 

including carbon formation reactions are summarized in Table 3.4 (Ni et al., 2007a; 

Wang and Wang, 2008; Gutierrez et al., 2011). 
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Table 3.4 Possible reactions of ethanol reforming process 

Possible reactions 
Steam 

reforming 

Partial 

oxidation 

Autothermal 

reforming 

2 5 2 2C H OH H O 2CO 4H       

2 5 2 2 2C H OH 3H O 2CO 6H       

2 5 2 2C H OH CO 3CO 3H       

2 5 2 2 2C H OH 3O 2CO 3H O       

2 5 2 2C H OH 2O 2CO 3H O       

2 5 2 22C H OH O 4CO 6H       

2 5 2 2 2C H OH O CO CO 3H        

2 5 2 2 2C H OH 1.5O 2CO 3H       

222 HCOOHCO      

2 5 3 2C H OH CH CHO H      

OHHCOHHC 24252      

2 5 4 2
C H OH CH +CO H      

2 5 4 2
2C H OH 3CH +CO     

3 2 2CH CHO H O 2CO 3H       

3 4CH CHO CH CO      

2 5 2 4 2
C H OH 2H 2CH +H O      

3 2 2 2 2CH CHO H O + O 2CO 3H       

224 3HCOOHCH      

2 4 2
CO 3H CH H O      

2 2 4 2
CO 4H CH 2H O      

2CO CO C 2
    

2 4 2
C H polymer 2H 2C       

4 2
CH 2H C      

2 2H O + C H CO      

2 22H O + C 2H CO      
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3.3.3 Sorption-Enhanced Reforming Process (SERP) 

In any ethanol reforming process, ethanol is almost totally reformed but the 

primary products involving CH4 and CO are limited by equilibrium reactions of 

methane steam reforming and water gas shift. However, if the CO2 can be removed 

from the gas as it is formed, the normal equilibrium limits are displaced and complete 

conversion can be closely approached. 

 

One way of enhancing the reaction is by removing the CO2 produced. This can 

be done by adding a CO2 sorbent (acceptor) to the reactor. Sorption enhancement 

enables lower reaction temperatures while maintaining the conversion, which may also 

reduce catalyst coking and sintering, while enabling use of less expensive reactor wall 

materials (Johnsen et al., 2006). Furthermore a CO2/H2 separation step integrated with 

the reforming step has potentially a positive impact on efficiency and could lower the 

efficiency penalty and thus the costs. Upon reaction of carbon dioxide (CO2) and the 

solid sorbent (adsorption/ carbonation step), CO2 is converted to a solid carbonate. 

Regenerating the sorbent (desorption/calcination step) results in releasing CO2 suitable 

for storage. The carbonation/calcination (or adsorption/desorption) equilibrium 

reaction is written as in Eq. (3.8): 

 

2 3CO +CaO CaCO  (3.8) 

 

The SERP process can be carried out as batch process using two or more parallel 

externally heated fixed reactors, one being in adsorption mode and the other in 

desorption mode. Alternatively, an interconnected fluidised bed system could be used 

in which sorbent is circulated. While this places more demands on the mechanical 

stability of the sorbent, it also simplifies the system operation to some extent such that 

both processes no longer need to take place in the same reactor. A fluidised system also 

enjoys a greater degree of flexibility with regard to heat integration than fixed-bed 

options. Temperature swing for regeneration is more easily achieved in a dedicated 

reactor with good heat transfer characteristics. Additionally, a fluidised bed can much 

more easily handle a sorbent that loses capacity during cycling. In the fixed-bed 
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situation, this would require constant tweaking of the timing of the different steps, or 

possibly running under conditions where only use of the lowest stable capacity is 

available. In the fluidised bed situation, there are many options available for 

optimisation, such as a constant replenishment of sorbent. It is also possible to 

regenerate the sorbent online with such a configuration (Harrison, 2008).  

 

3.4 Absorption chiller 

 Combined Cooling, Heat and Power (CCHP) or trigeneration refers to the 

simultaneous generation of electricity and useful heating and cooling, typically in an 

absorption chiller. Absorption chillers differ from the vapor compression systems, 

which use electrically-driven compressors, in that the absorption cooling effect, is 

driven by any type of waste heat, steam, hot liquid or hot gas. 

 

 The basic principle of absorption chiller cycle is similar to vapor compression 

cycles; the main difference being that the compressor is replaced by a chemical cycle 

taking place between the absorber, pump, and generator as shown in Figure 3.3. 

Basically, the evaporator allows the refrigerant to evaporate and to be absorbed by the 

absorbent, a process that extracts heat from the building. The combined fluids then go 

to the generator, which is heated by the gas or steam, driving the refrigerant back out 

of the absorbent. The refrigerant then goes to the condenser to be cooled back down to 

a liquid, while the absorbent is pumped back to the absorber. The cooled refrigerant is 

released through an expansion valve into the evaporator, and the cycle repeats.  

 
 

Figure 3.3 The operation of absorption cooling cycle compared with vapor 

compression cycle. 
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The coolant and the absorbent constitute what is called a working pair. 

Essentially, absorption chillers are either lithium bromide-water (LiBr/H2O) or 

ammonia-water equipment. The LiBr/H2O system uses lithium bromide as the absorber 

and water as the refrigerant. The ammonia-water system uses water as the absorber and 

ammonia as the refrigerant. Table 3.5 highlights a summary of the most important 

properties of absorption cooling systems. 

Table 3.5 Absorption cooler’s characteristics 

 

Indices NH3 Absorption LiBr Absorption 

Effect Single Single Double 

Cooling capacity (kW) 20 - 2500 300 - 5000 300 - 500 

Thermal COP 0.6 – 0.7 0.5 – 0.6 0.9 – 1.1 

Temperature range (๐C) 120 - 132 120 - 132 150 - 172 

Machine costs (€/ton) 1250 to 1750 870 to 920 930 to 980 

 

 

 As shown in Table 3.5, LiBr absorptions come as single-effect or double-effect 

cycles. The single-effect cycle refers to the transfer of fluids through the four major 

components of the refrigeration machine - evaporator, absorber, generator and 

condenser. Differ from the single-effect, the double-effect chiller has two condensers 

and two generators to allow for more refrigerant boil-off from the absorbent solution 

(Figure 3.4). The double-effect machines are thermally more efficient but are more 

complex and require higher grade heat input. However, triple effect machines have not 

been developed in practice.  
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Figure 3.4 Single- and double-effect absorption refrigeration cycles 

 

Utilizing waste heat that would otherwise be unused greatly increases the cost-

effectiveness of the systems, compared to consuming gas directly. Gas absorption 

systems have several non-energy benefits over conventional electric systems including: 

 

 Elimination of the use of CFC and HCFC refrigerants 

 Quiet, vibration-free operation 

 Lower pressure systems with no large rotating components 

 High reliability 

 Low maintenance 

The contribution that gas cooling technologies can make to the goal of improved 

emissions is substantial. Natural gas-powered air-conditioning equipment offers 

substantial advantages to the environment in regard to CFCs and HCFCs, because they 

are not used in the absorption cycle. Legislative activities are focused on pushing the 

nation toward energy-efficient technologies that reduce harmful emissions. While gas-

fired chillers produce emissions at the site, combustion efficiencies can be high and 

harmful emissions comparatively low for a well-operated absorption unit. 

 

However, Cost is the primary constraint on the widespread adoption of 

absorption chiller systems. The low thermal efficiency of single-effect absorption 

systems has made them non-competitive except in situations with readily available free 

waste heat. Even double effect systems are not cost-effective in many applications. 
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Although absorption chillers can be quite economical in the right situation, their exact 

economics must be worked out on a project-by-project basis. 

 

Absorption systems also require greater pump energy than electric chillers. The 

size of condenser water pumps is generally a function of the flow rate per unit cooling 

capacity. Cooling technologies with lower COPs typically require a significantly higher 

condenser water flow rate than those technologies with higher COPs, therefore 

requiring larger pumps. Similarly, absorption chillers require larger cooling tower 

capacity than electric chillers, due to the larger volume of water 

 

3.5 Energy and exergy analyses 

The First Law of Thermodynamics (FLT) is the law of the conservation of 

energy, which states that, although energy can change form, it can be neither created 

nor destroyed. If energy is conserved and then the amount of energy must be constant 

but why do we hear on the news that the world is experiencing an energy shortage? 

How could we be running out of energy? How should we find a new renewable energy 

candidate?  

 

The answer to these questions lies in the difference between the term energy 

that is commonly used in everyday conversations and the term energy that means only 

thought of “the capacity to do work”. In fact, energy has both quantity and quality.  The 

capacity to do work of energy is its quality and is not conserved. The Second Law of 

Thermodynamics (SLT) can be interpreted as system for assigning quality to energy. It 

explains the directional nature of all real processes that continuously degrade the quality 

of energy. Latterly, it can be expresses in the term as exergy.  

 

Energy analysis is only dealing with the energy balance that no information on 

the degradation of energy or resources during a process and does not quantify the 

usefulness or quality of the various energy and material streams flowing through a 

system and exiting as products and wastes. But exergy analysis can do. The 

thermodynamic imperfections can be quantified as exergy destructions, which represent 

losses in energy quality or usefulness. Exergy analysis clearly indicates the locations of 
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energy degradation in a process and can therefore lead to improved operation or 

technology. 

 

It is important to distinguish between energy and exergy in order to avoid 

confusion with traditional energy-based methods of thermal system analysis and 

design. Table 3.6 presents a general comparison of energy and exergy. 
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Table 3.6 Comparison of energy and exergy 

 

Energy Exergy 

Dependent on properties of only a 

matter or energy flow, and 

independent of environment 

properties 

Dependent on properties of both a 

matter or energy flow and the 

environment 

Has values different from zero when 

in equilibrium with the environment 

(including being equal to mc2 in 

accordance with Einstein’s equation) 

Equal to zero when in the dead state 

by virtue of being in complete 

equilibrium with the environment 

Conserved for all processes, based on 

the FLT 

Conserved for reversible processes 

and not conserved for real processes 

(where it is partly or completely 

destroyed due to irreversibilities), 

based on the SLT 

Can be neither destroyed nor 

produced 

Can be neither destroyed nor 

produced in a reversible process, 

but is always destroyed (consumed) 

in an irreversible process 

Appears in many forms (e.g., kinetic 

energy, potential energy, work, heat) 

and is measured in that form 

Appears in many forms (e.g., kinetic 

exergy, potential exergy, work, 

thermal exergy), and is measured on 

the basis of work or ability to 

produce work 

A measure of quantity only A measure of quantity and quality 

 

 



 

CHAPTER IV 

PROCESS MODELING 

 Process modeling is an essential tool for the analysis of physical, chemical, and 

electrochemical processes in fuel cell systems. In this research, the thermodynamic 

model by using minimization of Gibb free energy is applied for the ethanol reforming 

process in section 4.1. The electrochemical model of SOFC is also described in Section 

4.2. Section 4.3 and 4.4 shows models of auxiliary units and absorption chiller 

respectively. Additionally, the validation of all main units is presented in each section. 

 

4.1 Fuel processor 

4.1.1 Ethanol reforming processes 

Thermodynamic analysis of ethanol reforming processes is performed based on 

steady-state. The equilibrium composition of the reforming products was determined 

by the minimization of a total Gibbs free energy (a non-stoichiometric approach). The 

total Gibbs free energy of the system, regarded as an ideal gas, may be expressed as: 

 

0

1 1 1

ln ln
C C C

i i i i i

i i i

G n G n RT y n RT P
  

      (4.1) 

 

where C  is the total number of components in the reaction system, in  is the number of 

moles of each gases component. It is assumed that the reformer is run at atmospheric 

pressure and a pressure drop is neglected, thus the last term of Eq. (4.1) vanishes. The 

equilibrium state is found by minimizing G , calculated using Eq. (4.1). Resulting from 

the conservation of atomic species, in  have to satisfy the element balance as given by 

 

1

0
C

i ik k

i

n a A


   for 1,2,...,k w  (4.2) 

 



 
 

 

55 

where ika  is the number of atoms of element k  in a component i , kA  is the total 

number of atoms of element k  and w  is the total number of elements appearing in all 

of the components. 

 

The primary components involved in the ethanol reforming process are 

C2H5OH, H2O, O2, CH3CHO, C2H4, H2, CH4, CO2, CO and C (Lima da Silva et al., 

2009) and the reactions would occur as shown in Table 4.1 (Gutierrez et al., 2011).  

 

The following assumptions are made in the development of the model. 

 Steady state and isothermal operation 

 All gases behave as an ideal gas. 

 The distributions of pressure and temperature are negligible. 

 To analyze carbon formation from a thermodynamic point of view, it is 

assumed that pure carbon is presented in the graphitic form; the chemical 

potential of carbon at 298 K and its vapor pressure are zero.  

 Heat required for the reforming process is supplied by an external source. 

 There is no heat loss to the surroundings. 

 

4.1.2 Fuel processor efficiency 

To evaluate the performance of the fuel processor, the equilibrium conversion of 

ethanol (
2 5C H OHX ), yield of hydrogen (

2HY ) and carbon formation are defined as the 

following: 

 

2 5 2 5

2 5

2 5

C H OH,in C H OH,out

C H OH

C H OH,in

(%) 100


 
F F

X
F

 (4.3) 

2

2

2 5

H

H 2

C H OH,in

(mole H /mole Ethanol) 
F

Y
F

 (4.4) 

2 5

coke

C H OH,in

Carbon formation (mole C/mole Ethanol) 
F

F
 (4.5) 
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The reforming efficiencies are related to the ratio between the LHV of hydrogen 

leaving the reformer and the LHV of the total ethanol feeding into the reformer.  

2 2

2 5 2 5

H ,out H

ER

C H OH,in C H OH

n LHV
(%) 100

n LHV
    (4.6) 
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Table 4.1 Possible reactions in the ethanol reformer (Gutierrez et al., 2011). 

Possible reactions 
H (kJ/mol) 

T = 700 ๐C 

G (kJ/mol) 

T = 700 ๐C 

2 5 2 2C H OH H O 2CO 4H    278.1 -203.7 

2 5 2 2 2C H OH 3H O 2CO 6H    207.8 -211.1 

2 5 2 2C H OH CO 3CO 3H    313.2 -199.9 

2 5 2 2 2C H OH 3O 2CO 3H O    -1277.5 -1376.3 

2 5 2 2C H OH 2O 2CO 3H O    -712.1 -980.5 

2 5 2 22C H OH O 4CO 6H    61.1 -795.8 

2 5 2 2 2C H OH O CO CO 3H     -252.2 -595.8 

2 5 2 2 2C H OH 1.5O 2CO 3H    -534.9 -793.7 

222 HCOOHCO   -35.1 -3.7 

2 5 3 2C H OH CH CHO H   73.9 -47.5 

OHHCOHHC 24252   45.2 -79.6 

2 5 4 2
C H OH CH +CO H   53.7 -183.6 

2 5 4 2
2C H OH 3CH +CO  -152.0 -351.0 

3 2 2CH CHO H O 2CO 3H    204.2 -156.2 

3 4CH CHO CH CO   -20.2 -136.2 

2 5 2 4 2
C H OH 2H 2CH +H O   -170.6 -163.6 

3 2 2 2 2CH CHO H O + O 2CO 3H    -361.2 -551.9 

224 3HCOOHCH   224.4 -20.0 

2 4 2
CO 3H CH H O   -224.3 20.0 

2 2 4 2
CO 4H CH 2H O   -189.2 23.7 

2CO CO C 2
 -170.8 0.01 

2 4 2
C H polymer 2H 2C      

4 2
CH 2H C   -88.6 16.3 

2 2H O + C H CO   135.7 -3.7 

2 22H O + C 2H CO   100.6 -7.4 
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4.1.3 Model validation 

Here, the simulation model used to predict the equilibrium composition of 

ethanol reforming processes is validated with experimental and simulation data 

reported in literatures. Figure 4.1 (a) shows the model prediction of H2 yield from the 

steam reforming compared with experimental data (Biswas and Kunzru, 2007). In their 

experiment, the reforming of ethanol was carried out using Ni/ZrO2. It is observed from 

Figure 4.1 (a) that the model can reliably predict the H2 product under different 

operating temperatures. Further, it is found that the use of model in the operating 

temperature range of 773-923 K can make more precise predictions with only 3-10 % 

error. Figure 4.1 (b) compared the H2 yield of the ethanol partial oxidation process 

obtained from the simulation and the studies by Sun et al., (2012) and Wang and Wang, 

(2008). The model prediction agrees very well with the reported data. Comparison of 

the modeling result and experimental data of the ethanol autothermal reforming based 

on RhPt/ZrO2 catalyst (Gutierrez et al., 2011) are shown Figure 4.1 (c) and a good 

agreement of the model prediction and experimental data of the H2 yield is observed 

Most simulation results are not exceed 5 % error. 

 

(a) 
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(b) 

 
(c) 

 
 

Figure 4.1 Comparison of hydrogen yield obtained from the model prediction and 

reported data in literatures: (a) steam reforming, (b) partial oxidation and (c) 

autothermal reforming. 
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As mentioned earlier, this study deals with different fuel processors. When 

ethanol is dehydrogenated to acetaldehyde in dehydrogenation unit and the yield of 

acetaldehyde in this simulation result is compared with experimental data of Deng et 

al., (1995) which reported by using Al2O3 membrane reactor as shown in Figure 4.2. 

The most errors made by a model prediction are below 10%. While the ethanol steam 

reformer added CaO sorbent have validated by comparing with Mahishi’s work 

(Mahishi et al., 2008) as Figure 4.3. 

 

 
 

Figure 4.2 Comparison of ethanol dehydrogenation units between simulation results 

and experimental data (Deng et al., 1995). 
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Figure 4.3 Comparison of sorption-enhanced ethanol steam reforming between this 

work and literature (Mahishi et al., 2008). 

 

4.2 Solid oxide fuel cell 

4.2.1 Model configuration 

 An SOFC stack is a power generating device that converts the chemical energy 

in fuel obtained from the reforming process into electrical power via an electrochemical 

reaction. The electricity that fuel cells generate is direct current (DC). If alternating 

current (AC) is needed, the DC output of the fuel cells must be converted through an 

inverter. In this integrated SOFC system, the recycling of the anode exhaust gas is 

considered to improve its performance as shown in Figure 4.4.  

 
 

Figure 4.4 A solid oxide fuel cell configuration. 
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The simulation of an SOFC unit is performed by using the input parameters 

given in Table 4.2 at constant temperature and pressure operations.  

 

The assumptions for this SOFC model are as follows (Colpan et al., 2007): 

 Steady state and isothermal operation is considered. 

 All gaseous components behave as an ideal gas. 

 SOFC is configured to be planar. 

 Both air and fuel flows have the same temperature at the inlet of the SOFC. 

 Both air and fuel flows have the same temperature at the exit of the SOFC. 

 The air entering the SOFC consists of 79% N2 and 21% O2. 

 Only the electrochemical reaction of hydrogen is present. 

 The gas mixture at the exit of the fuel channel is at chemical equilibrium. 

 The radiation heat transfer between the gas channels and the solid structure 

is negligible. 

 The contact resistances are negligible. 

 Pressure drop is negligible. 

The possibility of internal reforming of methane (CH4) and carbon monoxide (CO) is 

located inside the fuel cell as follows: 

 

2 2CH H O CO H  4 3  (4.7) 

2 2CO H O CO H  2
 (4.8) 

 

and the overall reaction that occur within the solid oxide fuel cell to generate electricity 

is 

2 2 2

1
H + O H O

2
  (4.9) 
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The model used to solve the equilibrium equations of the SOFC is based on a model 

developed by Aguiar et al., (2004), assuming the methane is fully converted. The molar 

conversion rates of Eqs. (4.7)–(4.9) are a, b and c, respectively. The molar flow rates 

of the reaction equations, Eq. (4.7)–(4.9), are derived and shown in Table 4.3. In the 

table, the variables n , fU and 
2OU  are the molar flow rate, fuel utilization ratio and 

oxygen utilization ratio, respectively.  

 

Table 4.2 Material properties and kinetic parameters for the SOFC stack (Petruzzi et 

al., 2003; Aguiar et al., 2004) 

 

 Cathode Electrolyte Anode 

Material La1-x SrxMnO3 YSZ Ni-YSZ 

Layer thickness (µm) 50 20 500 

Pre-exponential factor of 

exchange current density ( 
-

1m-2) 

2.35×1011 - 6.54×1011 

Activation energy of exchange 

current density (kJ mol-1) 
137 - 140 

Diffusion coefficient (m2s-1) 1.37×10−5 - 3.66×10−5 

Electronic conductivity ( 
-1m-1) 8.4 × 103 - 80 × 103 

Ionic conductivity ( 
-1m-1) 

- 
33.4 × 103  

exp(-10,300 T-1) 
- 
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Table 4.3 The equilibrium number of moles for each composition. 

 

4 43,CH 2,CH an n   

3,CO 2,CO a bn n    

2 23,CO 2,CO bn n   

2 23,H 2,H 3a b cn n     

2 23,H O 2,H O a b cn n     

3 2 2an n   

2O ,u c / 2n   

 
2 27,O Oc / 2n U   

 
2 28,O Oc / 2 1/ 1n U    

 
2 28,N O79 / 21 c / 2n U   

 
 

2 27,N 8,Nn n  

   
2f 1,H O fc 3a b / 1U n r r U        
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4.2.2 Electrochemical model 

4.2.2.1 Actual cell voltage 

A generalized steady state model is considered in order to investigate the 

performance of a SOFC system integrated with reforming process (Aguiar et al., 2004). 

The theoretical open-circuit cell voltage, which is the maximum voltage under specific 

operating conditions, can be calculated from the following equations: 

 

2 2

2

0.5

H O0

H O

ln
2

P PRT
E E

F P

 
  
 
 

 (4.10) 

 

where 
0E is the reversible open-circuit potential at standard pressure and is a function 

of the operating temperature (Ni et al., 2007b) as: 

 

 0 41.253 2.4516 10E T    (4.11) 

 

The actual voltage is determined from the theoretical open-circuit voltage 

subtracted by the various voltage losses as: 

 

 act ohmic concV E        (4.12) 
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4.2.2.2 Voltage losses 

 a) Activation Losses 

Some voltage difference from equilibrium is needed to get the electrochemical 

reaction going. This is called activation losses. These losses happen at both anode and 

cathode; however, oxygen reduction causes higher activation losses because it is a much 

slower reaction than hydrogen oxidation. Activation losses are governed by the Butler-

Volmer equation 

 

   0,electrode act,electrode act,electrode

(1 )
exp exp

nF nF
i i V V

RT RT

     
      

    
  (4.13) 

 electrode
0,electrode electrode exp ,electrode anode,cathode

ERT
i k

nF RT

 
   

 
 (4.14) 

 

where  i  is current density (A/m2),   is transfer coefficient, and 0i  is 

exchange current density (A/m2). 

 

 b) Concentration Losses 

Concentration losses occur when a reactant is rapidly consumed at the electrode 

by the electrochemical reaction so that concentration gradients are established. A 

relationship for voltage loss due to concentration polarization could be written: 

,conc OCV OCV TPBE E    (4.15) 

2 2 2

2 2 2,

,

,

ln ln
2 4

TPB

H O TPB H O

conc

H O H TPB O

p p pRT RT

F p p F p


  
    

   
   

 (4.16) 

 

Where the first term on the right-hand side of Eq. (4.16) refers to the anodic 

concentration overpotential, ,conc a , and the second term refers to the cathodic 

concentration overpotential, ,conc c , and 
2 ,H TPBp , 

2 ,H O TPBp , and 
2 ,O TPBp  represent the 

partial pressures of hydrogen, water, and oxygen at TPB respectively. Their diffusion 

transport in a porous electrode can be described by Fick’s model as given by 
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2 2

anode
H ,TPB H

eff,anode2

RT
p p i

F D


   (4.17) 

2 2

anode
H O,TPB H O

eff,anode2

RT
p p i

F D


   (4.18) 

2 2

cathode
O ,TPB O

eff,cathode

( )exp
4

RT
p P P p i

F D P

 
    

 
 

 (4.19) 

 

The diffusion coefficients of the anode ( eff,anodeD ) and the cathode ( eff,cathodeD ) are 33.4 

× 10-5 and 1.37 × 10-5 m2s-1, respectively as shown in Table 4.2. 

 

 c) Ohmic Losses 

Ohmic losses occur because of resistance to the flow of ions in the electrolyte 

and resistance to the flow of electrons through the electrically conductive fuel cell 

components. These losses can be expressed by Ohm's law: 

 

ohm ohmiR   (4.20) 

 

where ohmR  is total cell internal resistance ( cm2). Here, ohmR  is calculated from the 

conductivity of the individual layers as given by: 

 

electrolystanode cathode
Ohm

anode electrolyst cathode

R
 

  
    (4.21) 

 

where anode , electrolyte and cathode  represent the thickness of the anode, electrolyte, and 

cathode layers, respectively, anode and cathode is the electronic conductivity of the anode 

and cathode, and electrolyst  is the ionic conductivity of the electrolyte. 

4.2.3 SOFC parameters and efficiency 

The fuel utilization factor ( fU ) is the ratio of the total fuel inlet used to produce 

electricity in the cell and the inlet fuel flow, and is defined by 
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f,in f,out f,consumed
f

f,in f,in

(%) 100 ×100
m m m

U
m m

 
    
 

 (4.22) 

 

where f,inm  is the mass flow rate of fuel inlet and f,outm is the mass flow rate of fuel 

outlet. 

 

 The oxygen utilization factor is a very important process parameter for the 

design of the total system. It reflects the air excess which is supplied to the cell for 

cooling and retaining the cell temperature. Therefore, the oxygen utilization factor can 

be defined as 

 

2 2 2

2

2 2

O ,in O ,out O ,consumed
O

O ,in O ,in

(%) 100 100
m m m

U
m m

 
    
 
 

 (4.23) 

 

 The SOFC efficiency ( SOFC ) is evaluated by the ratio of fuel cell power to the 

total energy that could be produced if hydrogen entering into the cell is completely 

burned: 

 

 

2 5 2 5

SOFC
SOFC

C H OH,in C H OH

Power
(%) 100

LHVn
  


 (4.24) 

 

where SOFCPower  is the power output of the SOFC and 
2 5C H OH,inn  and 

2 5C H OHLHV  are 

the inlet molar flow rate and the lower heating value of ethanol
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4.2.4 Model validation 

Figure 4.5 shows a comparison of the SOFC model prediction and experimental data 

(Zhao and Virkar, 2005) in term of the cell voltage at different current densities and 

operating temperatures. In their experiment, the inlet fuel consists of 97% H2 and 3% 

H2O and inlet oxidant comprises of 21% O2. The thickness of anode, cathode, and 

electrolyte were 1000, 20 and 8 µm, respectively. It indicates that the model prediction 

shows good agreement with experimental data reported in literature with no results 

exceeding 7 % error. Although there are some discrepancies obtained at high current 

density operation, fuel cells are normally designed to operate at a cell voltage between 

0.6-0.7 V (Aguiar et al., (2004). This range of operation is found at current density 

range of 0.2-1.5 A/cm2 which the model presents more precise predictions. 

 

 

Figure 4.5 V-I curve obtained from the SOFC model and experimental data (Zhao and 

Virkar, 2005) 
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4.3 Auxiliary units 

4.3.1 Afterburner 

In general, the SOFC cannot electrochemically utilize 100% of the fuel. Because 

excess air is supplied and the assumption of perfect chemical equilibrium is a very good 

approximation to the overall real combustion process, the residual fuel and the excess 

air are assumed to combust in an afterburner completely in order to obtain extra useful 

heat at high temperatures. The equilibrium composition of the combustion process is 

determined by a stoichiometric approach. The combustion reaction occurring in 

afterburner is 

 

 4 2 2 2CH 4 CO 2 CO H 2 H O 2( CH CO CO H H O)   y y y y y

 2 2O 2 N 2 2 2 2( O N ) CO H O N    s s s sa y y b c d  (4.25) 

 

where the parameters sa , sb , sc and sd are the coefficients for the stoichiometric 

reaction. The parameters 
4CHy , 

2COy , etc. indicate the mole fractions of the components 

in the anode exhaust gas. The stoichiometric reaction, Eq. (4.25), is balanced by 

conserving the individual atoms. The balances of each atom provide: 

 

C: 
4 2CH CO CO   sy y y b  (4.26) 

H: 
4 2 2CH H H O4 2 2 2   sy y y c

 
(4.27) 

O: 
2 2 2CO CO H O O2 2 2    s s sy y y a y b c  (4.28) 

N: 
2N2 2s sa y d  (4.29) 
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4.3.2 Heat exchanger 

 The hot flue gas from the afterburner flows through an air pre-heater to 

exchange the heat for air preheating in the heat exchanger and then passes the another 

heat exchanger called steam generator to transfer the heat to the feed water. The water 

is heated and converted into a superheated steam which is used to drive a double-effect 

absorption chiller. 

 

 The heat recovery from heat exchanger is calculated from enthalpy change 

between inlet and outlet of hot and cold stream as follows: 

 

hot coldQ Q  (4.30) 

hot in,hot in,hot out,hot out,hotQ m h m h    (4.31) 

cold in,cold in,cold out,cold out,coldQ m h m h    (4.32) 

 

where m  is the mass flow rate and h  is the enthalpy. 

 

 The total heat recovered from hot stream is not actual value because there are 

some heat losses occurring in the heat exchanger. Therefore, the heat exchanger 

efficiency at 0.5 will be added to consider heat loss in the model. 

 

4.3.3 Compressor and pump 

 To supply fuel for fuel processor and SOFC, a compressor and a pump are used 

as auxiliary units Therefore, the required power from the compressor and pump is taken 

into account for calculating the system efficiency. 

 

 The work powers for compressor and pump from pressure to are shown in Eq. 

(4.33) and (4.34). 
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k-1

k
P 2

cop

cop 1

1
m C T P

W
P

 
       
 
  

 (4.33) 

 
 2 1

pump

pump

m P P
W

 

 



 (4.34) 

where m is mass flow rate, PC  is specific heat capacity, T  is temperature before 

compression, k  is ratio of specific heat (for diatomic gases; k =1.4),   is density and 

  is efficiency which is defined to be 75% in this study. 

 

4.4 Absorption chiller 

4.4.1 Model configuration 

The performance analysis applied to the double-effect absorption chiller is 

similar to that used by Herold et al., (1996). The key components of a double effect 

absorption chiller are an evaporator, an absorber, a low pressure generator, a high 

pressure generator, a condenser, two solution heat exchangers, two pump, and throttling 

valves as shown in Figure 4.6. The heat from superheated steam is supplied to the high 

pressure generator ( HP,GEQ ) to obtain the primary steam and a concentrated LiBr 

solution. The primary vapor released from the high pressure generator is condensed in 

the low pressure generator, transferring the heat of condensation to the concentrated 

solution ( LP,GEQ ) to generate a secondary steam. The secondary stream flows to the 

condenser, and the most concentrated solution, which flows to the absorber. In the 

condenser, the heat is rejected to the external circuit ( COQ ) to change the steam to the 

liquid phase. After expansion, the condensed water continues to the evaporator where 

it is evaporated at low pressure, removing the heat of vaporization ( EVQ ). In the 

absorber, the vapor contacts the concentrated solution, from the low pressure generator 

through the solution heat exchanger 1, to reject its heat of absorption ( ABQ ). The diluted 
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working solution in the absorber is then pumped to the generators, passing through 

solution heat exchangers 1 and 2, to continuously repeat the thermodynamic cycle. 

 

 
 

Figure 4.6 Schematic diagram of a double effect absorption chiller. 

 

4.4.2 Mathematical models of the double effect absorption chiller 

The developed model is based on the following assumptions: 

 Pure water is used as a refrigerant. 

 The liquid states are considered saturated liquid. 

 The water from an evaporator is saturated vapor. 

 The pressure in the low pressure generators and condenser are equivalent. 

 The pressure in the evaporator and the absorber are equivalent. 

 Heat losses and pressure drops in piping and the components are 

negligible. 

 The expanding process in the throttling valves is isenthalpic. 

 The H2O-LiBr concentrations are zero in steam phase. 

The components in the system are all defined as thermodynamic open systems, 

which allow mass to flow into/out of the system and exchange heat and/or work within 

the systems. Mass and energy balances for each component in the system with reference 

to Figure 4.6 are shown below under steady state condition. 
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Absorber 

 23 24m m  (4.35) 

 1 10 6m m m   (4.36) 

 1 1 6 6m x m x  (4.37) 

 10 10 6 6 AB 1 1 0m h m h Q m h     (4.38) 

 AB 23 p 24 23( )Q m c T T   (4.39) 

 AB AB AB
/UA Q LMTD  (4.40) 

 AB 6 24 1 23 6 24 1 23
[( ) ( )] / ln[( ) / ( )]LMTD T T T T T T T T       (4.41) 

 

Condenser 

 25 26m m  (4.42) 

 8 7 19m m m   (4.43) 

 CO 7 7 19 19 8 8Q m h m h m h    (4.44) 

 CO 25 p 26 25( )Q m c T T   (4.45) 

 
CO CO CO

/UA Q LMTD  (4.46) 

 CO 8 25 8 26 8 25 8 26
[( ) ( )] / ln[( ) / ( )]LMTD T T T T T T T T       (4.47) 

 

Evaporator 

 27 28m m  (4.48) 

 9 10m m  (4.49) 

 EV 9 10 9( )Q m h h   (4.50) 
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 EV 27 p 27 28( )Q m c T T   (4.51) 

 EV EV EV
/UA Q LMTD  (4.52) 

 EV 27 10 28 9 27 10 28 9
[( ) ( )] / ln[( ) / ( )]LMTD T T T T T T T T       (4.53) 

 

High Pressure Generator 

 21 22m m  (4.54) 

 13 14 17m m m   (4.55) 

 13 13 14 14m x m x  (4.56) 

 HP,GE 17 17 14 14 13 13Q m h m h m h    (4.57) 

 HP,GE 21 p 21 22( )Q m c T T   (4.58) 

 HP,GE HP,GE HP,GE
/UA Q LMTD  (4.59) 

 HP,GE 21 14 22 17 21 14 22 17
[( ) ( )] / ln[( ) / ( )]LMTD T T T T T T T T       (4.60) 

 

Low Pressure Generator 

 17 18m m  (4.61) 

 3 16 4 11 7m m m m m     (4.62) 

 3 3 16 16 4 4 11 11m x m x m x m x    (4.63) 

 3 3 16 16 17 17 4 4 11 11 18 18 7 7m h m h m h m h m h m h m h      (4.64) 

 LP,GE 17 17 18( )Q m h h   (4.65) 

 LP,GE LP,GE LP,GE
/UA Q LMTD  (4.66) 
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 LP,GE 18 4 18 7 18 4 18 7
[( ) ( )] / ln[( ) / ( )]LMTD T T T T T T T T       (4.67) 

 

High Temperature Solution Heat Exchanger 

 12 13m m  (4.68) 

 14 15m m  (4.69) 

 12 12 13 13m x m x  (4.70) 

 14 14 15 15m x m x  (4.71) 

 11 13 12 14 14 15( ) ( )m h h m h h    (4.72) 

 

Low Temperature Solution Heat Exchanger 

 2 3m m  (4.73) 

 4 5m m  (4.74) 

 2 2 3 3m x m x  (4.75) 

 4 4 5 5m x m x  (4.76) 

 1 3 2 4 4 5( ) ( )m h h m h h    (4.77) 

 

Lower Solution Expansion Valve 

 5 6m m  (4.78) 

 5 5 6 6m x m x  (4.79) 

 5 6h h  (4.80) 
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Upper Solution Expansion Valve 

 15 16m m  (4.81) 

 15 15 16 16m x m x  (4.82) 

 15 16h h  (4.83) 

 

Lower Refrigerant Expansion Valve 

 8 9m m  (4.84) 

 8 8 9 9m x m x  (4.85) 

 8 9h h  (4.86) 

 

Upper Refrigerant Expansion Valve 

 18 19m m  (4.87) 

 18 18 19 19m x m x  (4.88) 

 18 19h h  (4.89) 

 

Lower Pump 

 1 2m m  (4.90) 

 1 1 2 2m x m x  (4.91) 

 1 1 1 m l( )Pump m v P P   (4.92) 

 2 1 1 1/h h Pump m   (4.93) 
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Upper Pump 

 11 12m m  (4.94) 

 11 11 12 12m x m x  (4.95) 

 2 11 11 h m( )Pump m v P P   (4.96) 

 12 11 2 11/h h Pump m   (4.97) 

 

where m is mass flow rate, PC  is specific heat capacity of water, x  is LiBr 

concentration fraction, hP , mP , lP  are high, medium and low pressures respectively, v  

is volume of substance per unit mass, LMTD  is log mean temperature difference and 

UA  represents the heat exchanger size which is reported in Table 4.4. 

 

Table 4.4 Input data for the double-effect absorption chiller 

 

HP,GE
UA  1.25 kW/K 

LP,GE
UA  0.5 kW/K 

CO
UA  3.25 kW/K 

EV
UA  4 kW/K 

AB
UA  2.5 kW/K 

 

4.4.2 Absorption chiller efficiency 

Thermal Efficiency is measured in terms of cooling output. The evaporator 

cooling capacity ( EVQ ) is calculated as Eq. (4.36). The cooling capacity of an 

absorption cycle is defined as the performance of the evaporator that removes heat from 

water to produce the chilled water. 
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 EV 27 27 28( )Q m h h   (4.98) 

 

4.4.3 Model validation 

The analysis of the double-effect absorption chiller was validated by Somers et 

al., (2011), as shown in Table 4.5. This Table details the model validation performed 

for the double effect cycle by comparing the significant parameters, including the heat 

duty of each component. The results are promising in that no parameter exceeds a 5% 

error, with most discrepancies below or near 1%.  

 

Table 4.5 Double effect cycle verification using the literature of Somers et al. (2011) 

 

Parameters Current 

Study 

Somers et al. 

(2011) 

Discrepancya 

(%) 

Low pressure (kPa) 0.881 0.8805 0.06 

Middle pressure (kPa) 4.178 4.1776 0.01 

High pressure (kPa) 64.298 64.37 0.11 

Concentration, LiBr strong 

solution (%) 

52.76 52.72 0.08 

Concentration, LiBr weak 

solution (%) 

61.96 61.6 0.58 

ABQ  (kW) 436 421.25 3.50 

LP,GEQ (kW) 192.68 189.86 1.49 

COQ (kW) 185.62 188.58 1.57 

EVQ  (kW) 354.2 354.37 0.05 

HP,GEQ  (kW) 267.4 255.43 4.69 

COP (–) 1.325 1.387 4.47 

 

a Discrepancy (%) = 
Current value  Published data

100%
Published data


  
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4.5 Analysis tools 

4.5.1 Energy and exergy analyses 

Under the steady-state condition, a conservation balance equation around each 

unit operation in the reforming process can be written as follows (Cohce et al., 2011): 

Mass balance: 

 

 

N N

i,in i,out
i=1 i=1

=m m   (4.99) 

 

Energy balance: 

 

 
cv cv i i i i

out in

- -Q W n h n h   (4.100) 

 

where 
in and 

ih  represent the molar flow rate and specific molar enthalpy, 

respectively, of the flow stream into and out of each component in the system. 

 

Unlike energy, exergy is not conserved. Exergy is defined as the maximum 

work that can be extracted from a system interacting with a reference environment. 

Exergy destruction is an important parameter in exergy analysis. It is formulated as the 

potential work lost as a  

 

Exergy balance: 

 

 
0

d cv cv i i i i

in out

1- - -
T

Ex Q W n ex n ex
T

 
  

 
    (4.101) 

 

where 
iex  is the specific molar flow exergy for each component of the inlet and outlet 

flow streams. The subscript i is the property value at state i, and the subscript 0 is the 

value of a property in the surroundings. The comparison of energy and exergy balances 

is shown in Figure 4.7.  
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Figure 4.7 Comparison of energy and exergy balances. 

 

The exergy can be defined by neglecting the kinetic and potential energy 

changes as follows:  

 

 0 0 0i i i ch( - ) - ( - )ex h h T s s ex   (4.102) 

 

 The specific chemical exergy ( chex ) of different species in a gas mixture is 

defined as 

 

ch ch,i 0 ii i
lnex y ex RT y y      (4.103) 

 

where ch,iex  is the specific molar chemical exergy of the flow streams and 
iy  is the 

molar fraction of the gas species i in the gas mixture.  The standard molar chemical 

exergies of relevant substances are shown in Table 4.6. The enthalpy and entropy for 

each component of the gas are calculated using thermophysical property functions in 

Aspen Plus or EES (Engineering Equation Solver) as a function of the temperature 

and/or pressure. The equations used to calculate the efficiency of the system are 

presented in Table 4.7. 
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Table 4.6 The standard molar chemical exergy of selected substances at reference states 

(T0 = 298.15 K, P0 = 101.325 kPa) (Szargut et al., 1988). 

 

Substance State Exergy (kJ/kmol) 

C2H6O g 1363900 

 l 1357700 

CH4 g 831650 

CO g 275100 

CO2 g 19870 

H2 g 236100 

H2O g 9500 

 l 900 

O2 g 3970 

N2 g 720 

C s, graphite 410260 
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Table 4.7 Efficiency equations of the system (Al-Sulaiman F.A. et al., 2011). 

 

  

Total energy in 
2 2in C H OH C H OHLHV 

5 5
Q m  

The net electrical power of the system net inverter SOFC,DCW W   

The heating power h HP HP,2 HP,1( )Q m h h    

The cooling load of the evaporator c EV EV,1 EV,2( )Q m h h    

The electrical to heating ratio el,h net h/r W Q  

The electrical to cooling ratio el,c net c/r W Q  

Net electrical efficiency of the cycle el net in/W Q   

The efficiency of the heating 

cogeneration 

net h
cog,h

in

W Q

Q



  

The efficiency of the cooling 

cogeneration 

net c
cog,c

in

W Q

Q



  

The efficiency of trigeneration 
net h c

tri

in

W Q Q

Q


 
  

the fuel chemical exergy 
2 2f C H OH C H OH 

5 5
Ex n Ex  

The net electrical exergy efficiency el net f/W Ex   

The heating-cogeneration exergy 

efficiency 

net h

HP

cog,h

f

T
W Q

T

Ex


  
     

  


01

 

The exergy efficiency of the cooling 

cogeneration 

net c

EV

cog,c

f

T
W Q

T

Ex


  
     

  


01

 

The trigeneration exergy efficiency 

net h c

HP EV

tri

f

T T
W Q Q

T T

Ex


     
             

      


0 01 1
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4.5.2 Exergoenvironmental analysis 

Energy conversion processes should be designed by reducing an environmental 

impact, resulting in the improved process performance. Because CO2 emission is a 

significant issue, a reduction in this greenhouse gas in the afterburner of the SOFC 

system can lead to the improvement of the cycle. The normalized CO2 emissions of the 

trigeneration system can be expressed as follows: 

 

 2CO

2

SOFC h c

(CO , tri)
( )

m
Emi

W Q Q


 
 (4.104) 

 

To achieve sustainability, energy conversion processes must be employed 

indicators that define and quantify the subsystems involved in the process. For the 

properties which are not directly measurable, it should be used assessment tools in order 

to obtain their indicators. The exergy analysis is an example of these tools, very useful 

in the evaluation of energy conversion processes, being a strong indicator, namely 

exergy destruction. Finally it is necessary to relate this indicator in order to express the 

overall process in a single value through a sustainability index which is used to relate 

the exergy with environmental impact as: 

 

 
P

1
SI

D
  (4.105) 

 

where PD  is the depletion number, which is defined as the exergy destruction/input 

exergy. This relation demonstrates how reducing a system’s environmental impact can 

be achieved by reducing its exergy destruction (Rosen et al., 2008; Dincer and Naterer, 

2010). 

 



 

CHAPTER V 

COMPARISON OF HYDROGEN PRODUCTION FROM 

ETHANOL REFORMING PROCESSES 

This chapter presents the application of a thermodynamic concept to identify a 

suitable reforming process for an ethanol-fueled solid oxide fuel cell (SOFC). Three 

different reforming technologies, i.e., steam reforming, partial oxidation and 

autothermal reforming, are considered. The first and second laws of thermodynamics 

are employed to determine an energy demand and to describe how efficiently the energy 

supplied to the reforming process and to identify the best ethanol reforming process for 

SOFC applications. 

 

5.1 Introduction 

As mentioned earlier, ethanol is a very attractive green fuel as it is produced by 

fermentation of agricultural products and easy to handle as a liquid fuel (Cardona and 

Sánchez, 2007). There are several methods to produce hydrogen rich gas from ethanol. 

A steam reforming is among the widely used processes due to its high hydrogen yield; 

however, this process involves a highly endothermic reaction and requires high energy 

supply. To minimize the external heat input, partial oxidation and autothermal 

reforming are alternative routes for hydrogen production (Rabenstein and Hacker, 

2008). Because SOFC is operated at high temperatures and a waste heat recovery is 

generally included in the SOFC system to enhance its performance, a selection of 

appropriate fuel processing technology should be also takes an efficient energy usage 

into account. 

 

In this study, the first and second laws of thermodynamics are applied to 

analysis of an ethanol reforming process to produce hydrogen fuel. Three different 

reforming methods, i.e., steam reforming, partial oxidation and autothermal reforming, 

are considered. Effects of key operating parameters, such as reactant feed ratio and 

operating reforming temperatures, on the equilibrium composition of reforming 
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products are also presented. The performance assessment of each ethanol reforming 

process in terms of product yield, carbon-free operational region and energy usage is 

carried out in detail with the aim to optimize the process operation. Based on the second 

law of thermodynamics, the comprehensive analysis of an exergy destruction in 

different ethanol reforming processes is also discussed. Finally, the application of the 

ethanol reforming to produce hydrogen for SOFC is also commented. 

 

5.2 Methodology 

In order to find the optimal operating conditions of the ethanol reforming, 

thermodynamic analysis of ethanol reforming processes is performed based on steady-

state. The equilibrium composition of the reforming products was determined by the 

minimization of a total Gibbs free energy as mentioned in section 4.1.1. To provide the 

highest SOFC performance without facing a carbon formation problem, an analysis of 

the effect of key design parameters on the reformer performance is first performed. 

Table 5.1 shows a range of operating conditions under consideration in this study 

(Rabenstein and Hacker, 2008; Sun et al., 2012).  

 

Table 5.1 Range of operating conditions for different ethanol reforming processes. 

 

Ethanol Reforming Processes Temperature (K) S/E O/E 

Steam Reforming 700-1200 0-10 
- 

Partial Oxidation 700-1400 - 
0-3 

Autothermal Reforming 700-1200 0-10 
0-3 

 

Energy and exergy efficiencies are evaluated as a ratio of products to inputs. 

For the overall electrical efficiency, the energy efficiency  is evaluated as: 

 

 
net energy output with electricity

energy input
   (5.1) 

and the exergy efficiency  as: 
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net exergy output with electricity

exergy input
   (5.2) 

 

5.3 Results and discussion  

5.3.1 Effect of temperature and reactant ratios on product distribution 

Effects of reforming temperatures, steam-to-ethanol (S/E) ratio and oxygen-to-

ethanol (O/E) ratio on the product yields of the ethanol reforming processes, i.e., steam 

reforming, partial oxidation and autothermal reforming, are given in Figure 5.1 (a)-(c), 

respectively. A carbon free region of reformer operation is also presented in the figure, 

so that it will be easy to choose the reforming operational conditions without the 

formation of carbon. The results clearly indicate that the carbon formation is prone to 

be occurred when the reformer is operated at low ratio of the reforming reagents for all 

operating temperatures. It is noted that the intermediate by-products, such as 

acetaldehyde and ethylene, appears to be a very low content compared with other 

reforming products.  

For the ethanol steam reforming process, H2 yield increases with the increased 

temperature and S/E ratio. Severe operating conditions are required to avoid the carbon 

formation. At temperatures higher than 800 K, CH4 is nearly converted to other 

reforming products, whereas CO, one of the carbon promoters, is not present in the 

reforming products at low-temperature operation as a result of the exothermicity of the 

water gas shift reaction. In order to maximize the SOFC performance, the optimal 

operating conditions for the reformer is chosen to give high hydrogen fraction without 

the formation of carbon. When considering the partial oxidation of ethanol, the 

maximum H2 and CO yields are found at high operating temperatures (T = 1200-1400 

K) and low oxygen-to-ethanol ratio operation (O/E < 0.5); however, the formation of 

carbon is unavoidable under these conditions. Thus, it seems that the partial oxidation 

of ethanol is not a suitable process for hydrogen production. In case of the ethanol 

autothermal reforming process,  oxygen is introduced to the reformer at the oxygen-to-

ethanol ratio of 0.61, according to the stoichiometric ratio of the reaction (Eq. (3.12)) 

in section 3.3.3. Figure 5.1 (c) shows that the product distribution of the autothermal 
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reforming process is similar to that of the steam reforming process and the maximum 

H2 yield is obtained under the operating temperature above 900 K and the S/E higher 

than 6; however, high CO2 is observed under these conditions. A promising advantage 

of this process is a lower carbon formation activity. When the operating temperature is 

higher than 1100 K, there is no carbon formation.  

 

(a) 
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(b) 

 

(c) 

 

Figure 5.1 Effect of temperatures and feed ratio on the product yields: (a) steam 

reforming, (b) partial oxidation and (c) autothermal reforming (grey area is the carbon 

formed region and a number on the line is the amount of gaseous products (mole/mole 

of ethanol feed)). 
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5.3.2 Effect of temperature and reactant ratios on SOFC efficiency and heat duty 

Figure 5.2 shows the effects of feed ratio of ethanol to reforming reagents and 

operating temperatures on the SOFC efficiency and heat duty required by the reformer. 

It shows that an increase in the reforming reagents (i.e., H2O and/or O2) degrades the 

efficiency of SOFC because the excess of water causes a fuel dilution effect and the 

presence of more oxygen enhances the CO oxidation, leading to a decrease in hydrogen 

fuel. The steam reforming process operated at high temperatures requires more heat 

duty (Figure 5.2(a)). To achieve the maximum SOFC efficiency ( 67.5%), the steam 

reformer should be operated at temperatures higher than 1000 K and S/E ratio of 1.5; 

however, under these conditions, the system needs the high level of energy input and 

faces the carbon formation problem. Thus, the reformer is suggested to be run at a lower 

temperature (T = 980 K) and more steam input is required (S/E = 1.8) to move the 

operating point to a carbon free region (star symbol in Figure 5.2(a)). Regarding the 

partial oxidation process as shown in Figure 5.2(b), the reformer heat duty depends on 

the quantity of O2 feed. If the oxygen-to-ethanol ratio increases, high heat will be 

released due to the exothermicity of the partial oxidation reaction. However, the SOFC 

fed by the synthesis gas from the partial oxidation reactor generates less electricity 

power than that from other reforming processes. When considering the performance of 

SOFC and the avoidance of carbon formation in the reactor, the partial oxidation 

reformer is selected to be operated at the temperature of 1150 K and the O/E ratio of 

0.6. Figure 5.2(c) shows effect of the amount of reforming agents, i.e., steam and 

oxygen, on the heat duty of the autothermal reformer (operated at 1000 K) and the 

efficiency of SOFC. The SOFC efficiency is enhanced when less oxygen is introduced 

to the autothermal reformer. In general, a heat duty of the autothermal reforming is a 

key operational factor for this process. The results indicate that the endothermic steam 

reforming and the exothermic partial oxidation can be balanced by adjusting oxygen 

feed to reach a thermal-neutral operation, which an external heat input is unnecessary. 

To achieve the maximum efficiency while minimizing the energy demand, the 

autothermal reformer should be operated at temperature of 1000, S/E ratio of 1.5 and 

O/E ratio of 0.5 and thus, the SOFC efficiency of 56% is obtained. The selected 

operating conditions of different ethanol reforming processes are summarized in Table 

5.2. 
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(a) 

 

(b) 
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(c) 

 

Figure 5.2 Effect of temperatures and feed ratio on SOFC efficiency and reformer heat 

duty: (a) steam reforming, (b) partial oxidation and (c) autothermal reforming. 

 

Table 5.2 Optimal conditions for each ethanol reforming process 

 

Ethanol Reforming Processes T (K) S/E O/E SOFC 

Efficiency 

(%) 

Reformer 

Heat Duty 

(kW) 

Steam Reforming (SR) 980 1.8 - 66.89 61.20 

Partial Oxidation (POX) 1150 - 0.6 55.60 -7.22 

Autothermal Reforming (ATR) 1000 1.5 0.5 56.36 -0.32 
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5.3.3 Energy and exergy analyses 

A comparison of the energy demand for the ethanol reforming processes operated 

at their optimal conditions is shown in Figure 5.3(a). It is found that the steam reforming 

of ethanol requires the highest energy consumption process because of extremely 

endothermic operation, whereas the partial oxidation process needs the lowest one. In 

the partial oxidation process, the heater is a unit that needs the highest energy because 

preheating air requires high amount of energy. However, the heat requirement in the 

evaporator is lower than the other two reforming processes because only liquid ethanol 

is evaporated. When considering the total energy demand of the fuel processor 

including the evaporator, heater and reformer, the partial oxidation process seems to be 

operated at a thermoneutral condition. A steam requirement of the steam reforming and 

autothermal reforming processeses causes a higher heat load in the evaporator. 

Figure 5.3(b) shows the exergy destruction in each unit of the ethanol reforming 

processes. In general, a process unit involved chemical reactions affects the overall 

process irreversibility because chemical reactions are related to the motion of electrons 

during forming and breaking chemical bonds between atoms. High frequency of 

molecular collisions causes an increase in entropy within the system, resulting in high 

exergy destruction. For the reforming processes to produce hydrogen, the ethanol 

reformer dominates the total rate of exergy destruction. The partial oxidation reactor is 

the unit that causes the highest exergy destruction because its flow of exergy is 

associated with a large difference in heat transfer between reactant feed (input) and 

synthesis gas product (output). In other words, exothermic or combustion processes 

lose more the exergy of heat. In addition, the partial oxidation is operated at higher 

temperature than other processes. For this reason, reactant and product gases will spread 

quickly and collide with each other frequently, so the entropy is more generated and 

then destroys some exergy. On the other hand, the steam reformer can maintain the 

quality of energy as shown in a reformer part of the steam reforming process (Figure 

5.3(b)). The results also indicate that in the evaporator, high value of the energy demand 

turns into an excellent exergetic performance. The total exergy destruction in the 

ethanol reforming processes follows in order: partial oxidation > autothermal reforming 

> steam reforming. 
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(a) 

 

(b) 

 

Figure 5.3 Comparison of (a) energy demand and (b) exergy destruction in different 

ethanol reforming processes at the optimal operating conditions. 
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Table 5.3 Energy and exergy efficiencies of ethanol reforming processes and their 

exergy destruction in the SOFC system 

 

Ethanol Reforming Processes Efficiency (%) Exergy 

destruction 

  Energy Exergy (kW) 

Steam Reforming (SR) 66.89 60.60 21.11 

Partial Oxidation (POX) 55.60 50.37 41.24 

Autothermal Reforming (ATR) 56.36 51.06 38.58 

 

5.3.4 Ethanol reforming process for solid oxide fuel cell applications 

Based on the thermodynamic analysis, an implementation of the ethanol 

reforming processes for SOFC applications is addressed from a practical point of view. 

It is found that the ethanol steam reforming process requires high energy consumption 

and thus its integration with the SOFC is preferable as the high quality of an exhaust 

gas from the anode and afterburner can be employed in the steam reforming process, 

e.g., evaporation and heating units, as shown in Figure 5.4. The SOFC system consists 

of three main parts: (1) fuel processor where ethanol is converted into hydrogen-rich 

gases, (2) SOFC where electricity is generated from the electrochemical reaction of 

hydrogen and oxygen and (3) afterburner where the residual fuel from the SOFC is 

combusted in order to generate useful heat for other heat requiring parts of the SOFC 

system. The autothermal reforming process can be managed without the need for 

external heat sources, leading to a simpler design and higher reforming efficiency. 

Therefore, it would be more suitable for automobile, residential and portable 

applications (Lin et al., 2007; Dawes et al., 2009). From the thermodynamic viewpoint, 

the partial oxidation of ethanol is not a good option for hydrogen production. Although, 

this process requires less energy demand, its exergetic efficient is low due to the high-

temperature operation. In addition, it generates the reformate gas with high CO content 

and thus, needs a purification process to give more pure hydrogen. It is noted that the 

autothermal reforming and the partial oxidation of ethanol have lower energy and 

exergy efficiencies, even though exhaust gases from the anode and afterburner are used 

in evaporation and heating units. Table 5.3 summarizes the energy and exergy 
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efficiencies of the ethanol reforming processes and their exergy destruction in the 

SOFC system. 

 

 

 

Figure 5.4 Ethanol steam reforming integrated with solid oxide fuel cell system. 

 

5.4 Conclusions 

Thermodynamic analysis of different ethanol reforming processes was 

performed. The optimal operating conditions of each reforming process to maximize 

the SOFC efficiency were identified. Energy and exergy analysis were also carried out 

to find the best ethanol reforming process. Although the steam reforming process 

provides the highest hydrogen yield, it is the highest energy requiring process. The 

exergy analysis showed that the highest exergy destruction is found in the partial 

oxidation process. The integration of ethanol steam reformer operated at temperature 

of 980 K and steam-to-ethanol ratio of 1.8 and solid oxide fuel cell provides the best 

energetic and exergetic performances. 

 



 

CHAPTER VI 

A TWO-STEP ETHANOL STEAM REFORMING FOR CARBON-

FREE HYDROGEN PRODUCTION 

This chapter presents the use of a two-step ethanol steam reforming, which 

consists of ethanol dehydrogenation and steam reforming, as a fuel processor to replace 

a conventional ethanol steam reforming (single step steam reforming) for carbon-free 

hydrogen production. The effect of intermediates, the number of reforming steps, the 

dehydrogenation temperatures, the reforming temperatures and feed ratios on product 

yield and carbon formation is studied. The carbon-free hydrogen production in the two-

step ethanol steam reforming system is analyzed, and the optimal operating conditions 

are discussed. 

 

6.1 Introduction 

Fuel cells utilize hydrogen as an important energy carrier to convert chemical 

energy into electricity via an electrochemical reaction. Hydrogen does not exist by itself 

on Earth; however, it can be produced from a wide variety of sources, e.g., natural gas, 

coal, oil, and water, by using several modern process technologies (Parthasarathy and 

Narayanan, 2014). Currently, the most commonly used and economically competitive 

method for hydrogen production is the steam reforming of natural gas (Angeli et al., 

2014; De Falco et al., 2014). However, natural gas is a limited and non-renewable fossil 

fuel. Therefore, it is interesting to explore the production of hydrogen from other 

renewable resources. 

 

Ethanol presents several advantages compared with other fuels, such as 

methanol, gasoline, LPG and methane, due to its natural availability, storage and 

handling safety, high heat of vaporization and low photochemical reactivity. Bio-

ethanol can be produced renewably by biomass fermentation. Carbon dioxide produced 

in the process is consumed by biomass growth, and thus, the reforming of biomass-

derived ethanol does not contribute to global warming. Saebea et al., (2013) showed 
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that ethanol is a suitable fuel for solid oxide fuel cell system because of lower CO2 

emission, compared to the use of other fuels, such as, glycerol and biogas. Moreover, 

it is observed from our previous work that the ethanol steam reforming process operated 

with a fuel cell also provides the best energetic and exergetic performances (Tippawan 

and Arpornwichanop, 2014). Although the steam reforming process is widely used in 

the chemical industry, steam reforming of ethanol for hydrogen production involves a 

complex multiple reaction system, and thus, the purity of hydrogen product is affected 

by many undesirable by-products. This factor causes the hydrogen yield to depend on 

a complex manner of process variables, such as pressure, temperature and ratio of 

reactants. To maximize the yield of hydrogen, it is necessary to determine the effect of 

these variables on the product composition (Fishtik et al., 2000).  

 

For the complete ethanol steam reforming reaction, ethanol reacts with steam in 

the most desirable way, and only hydrogen and CO2 are produced, as shown in Eq. 

(6.1). However, there are several reaction pathways that could occur in the 

ethanol/water system, depending on the catalysts used. Various types of intermediate 

by-products, such as acetaldehyde and ethylene, usually form, and the main problems 

during the ethanol steam reforming involve catalyst coking and formation of 

undesirable products (Freni S. et al., 2000). Ethanol can be transformed to ethylene 

through the dehydration reaction, as shown in Eq. (6.2). In addition, it is well known 

that carbon formation increases dramatically in the presence of ethylene via 

polymerization, as shown in Eq. (6.3). Lima da Silva et al., (2009) studied the 

thermodynamic conditions of carbon deposition in ethanol steam reforming and 

observed that ethanol is preferentially converted into ethylene, which promotes carbon 

deposition through ethylene polymerization. Considering this problem, it is reasonable 

to first convert ethanol into species with lower coking activities and only then convert 

these species into hydrogen-rich gas. Acetaldehyde is one of the desired species that 

can be easily produced from ethanol dehydrogenation and is favored during relatively 

low temperature operations (Freni S. et al., 2000; Nishiguchi et al., 2005). 

 

 2 5 2 2 2C H OH 3H O 6H 2CO    (6.1) 
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 2 5 2 4 2C H OH C H H O   (6.2) 

 2 4 2C H polymer 2H 2C    (6.3) 

 

Therefore, the objective of this study is to thermodynamically analyze the ethanol 

steam reforming reaction mechanisms for carbon-free hydrogen production. In this 

approach, the ethanol steam reforming process is divided into two steps: 

dehydrogenation and steam reforming. First, ethanol is dehydrogenated to 

acetaldehyde in the dehydrogenation unit, which is not in the presence of the water 

stream. Second, the gas product from the first unit is fed into the steam reforming 

environment to produce more hydrogen and reduce the amount of reactants for carbon 

formation (methane and carbon monoxide) by methane steam reforming and water-gas 

shift, respectively. The effect of operating conditions on equilibrium compositions, 

carbon formation boundary is studied and discussed. 

 

6.2 Methodology 

6.2.1 Thermodynamic analysis 

 A thermodynamic analysis of ethanol steam reforming process was performed 

by using the commercial software Aspen Plus® to investigate the effect of reaction 

mechanisms and operating parameters, such as the dehydrogenation and steam 

reforming temperatures and the steam-to-ethanol molar ratio (S/E), on the carbon 

formation of hydrogen production. The minimization of total Gibbs free energy is a 

common method to determine the equilibrium compositions of hydrogen-rich gas. The 

equation of state used in the calculation was the Peng-Robinson method. The species 

considered in the calculations throughout this study depended on the reaction pathways 

as shown in Table 6.1. However, acetaldehyde is considered to be a desirable 

intermediate compound during ethanol reforming to avoid the carbon formation. From 

thermodynamic point of view, it is assumed that carbon formed is elemental or in the 

graphitic form. In this study, the results of carbon formation were compared with the 

different pathways. Furthermore, the dehydrogenation temperature, reforming 

temperature, and steam-to-ethanol molar ratio (S/E) are varied to find its optimal 

operating condition and to investigate the energy usage. 
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6.2.2 Possible pathways in the ethanol steam reforming system 

 There are four reaction pathways that can be feasible in ethanol/water 

environment. Conventional pathway has the all of general species of ethanol steam 

reforming process. To focus on the carbon formation via intermediates, other pathways 

have different species of ethylene or acetaldehyde. However, in the last case it is need 

to show the ethanol steam reforming via acetaldehyde as the intermediate into two steps 

because ethanol favors dehydrogenation in the absence of water stream. Possible 

pathways and their considered compositions are shown in Table 6.1 



 

Table 6.1 Possible pathways in the ethanol steam reforming system. 

Possible pathways 

 

Considered compositions 

 

Conventional 

 

C2H5OH, H2O, CH3CHO, 

C2H4, H2, CH4, CO2, CO, C 

Via Ethylene 

 

C2H5OH, H2O, C2H4, H2, 

CH4, CO2, CO, C 

Via Acetaldehyde 

 

C2H5OH, H2O, CH3CHO, 

H2, CH4, CO2, CO, C 

Via Acetaldehyde in two step reforming 

 

1st step:  

C2H5OH, CH3CHO, H2, 

CH4, CO2, CO, C 

 

2nd step:  

C2H5OH, H2O, CH3CHO, 

H2, CH4, CO2, CO, C 
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6.3 Results and discussion 

6.3.1 Effect of intermediates on carbon formation 

Acetaldehyde and ethylene are important intermediates that have roles in 

ethanol reforming process. The maximum possibilities of the carbon formation region 

from different coking mechanisms pathways are shown in Figure 6.1. When ethanol is 

fully dehydrated to be ethylene, the process of polymerization will certainly occur, and 

then carbon will unavoidably form. Ethylene is clearly a major cause of the carbon 

formation problem. Using acetaldehyde as an intermediate instead of ethylene through 

the ethanol dehydrogenation reaction can reduce the carbon formation possibility to 

24%. Because four reactions of carbon formation (Eqs. (6.4-6.7)) are involved, carbon 

still forms in the dehydrogenation of ethanol under some operating conditions.  

 

 22CO CO C   (6.4) 

 4 2CH 2H C   (6.5) 

 2 2CO H H O C    (6.6) 

 2 2 2CO 2H 2H O C    (6.7) 

 

Equilibrium of coke via the Boudouard reaction (Eq. (6.4)), hydrogenation of 

carbon monoxide (Eq. (6.6)), and hydrogenation of carbon dioxide (Eq. (6.7) become 

less favored as the temperature increases, while carbon formation via methane 

decomposition (Eq. (6.5) becomes increasingly important at higher temperatures. 

However, from the thermodynamic point of view, to avoid the carbon formation ethanol 

steam reforming is assured by using acetaldehyde as an intermediate.  

 

 Fortunately, ethanol does not dehydrate into ethylene only. Ethylene, 

acetaldehyde, methane, carbon monoxide, carbon dioxide, hydrogen and water are the 

combination of conventional ethanol decomposition gases. In the absence of steam, the 

amount of carbon formation from conventional pathway is compared to that of pathway 

via acetaldehyde as shown in Figure 6.2. At low temperature, ethanol 

thermodynamically favors decomposed to carbon but it is not in the same way when 
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the system is forced to reform via acetaldehyde. Ethanol dehydrogenation shows the 

lower amount of carbon formation in all ranges of temperature. 

 

 
 

Figure 6.1 Maximum possibilities of the carbon formation region from different 

pathways 

 
 

Figure 6.2 The amount of carbon formation from different pathways of ethanol 

decomposition. 
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To assure that acetaldehyde is a significant intermediate of ethanol reforming, 

there are several works focusing on the dehydrogenation reaction of ethanol. Iwasa and 

Takezawa, (1991) concluded that the dehydrogenation of ethanol to acetaldehyde 

occurs much more rapidly than its decomposition to ethyl acetate and acetic acid, and 

it is the intermediate product in the steam reforming environment. Freni S. et al., (2000) 

studied a two-layer fixed-bed reactor for hydrogen-rich gas production with the first 

layer composed of a Cu-based catalyst for ethanol dehydrogenation at 370 °C and the 

second one composed of a Ni-based catalyst under steady-state conditions at 650 °C. In 

addition, Nishiguchi et al., (2005) studied steam reforming of ethanol over CuO/CeO2. 

They revealed that acetaldehyde and hydrogen are mainly produced at low temperatures 

(260 °C). In this study, when ethanol is dehydrogenated to acetaldehyde in 

dehydrogenation unit, the yield of acetaldehyde in this simulation result is compared 

with experimental data of Deng et al., (1995) which reported by using Al2O3 membrane 

reactor as shown in Figure 6.3. 

 

 
 

Figure 6.3 Comparison of ethanol dehydrogenation units between simulation results 

and experimental data (Deng et al., 1995). 
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6.3.2 Effect of the number of reforming steps on carbon formation 

Water is the reforming agent in steam reforming process. Generally, ethanol and 

water are mixed in a suitable ratio to avoid the carbon formation and to reach high 

hydrogen yield. However, feeding the mixture of ethanol and water to reforming in 

single step cannot control the presence of acetaldehyde as an intermediate. Water leads 

to ethanol dehydration and forms ethylene in conventional pathway. And in single step 

via acetaldehyde water also leads to early methanation and water gas shift that may 

cause the unfavorable carbon formation too. Instead, the two-step ethanol steam 

reforming is recommended. Firstly, ethanol is fed into the dehydrogenation reactor 

without steam. Secondly, the gas mixture from the first step is mixed with steam and 

fed into the steam reformer. From this way, the carbon-free hydrogen rich gas is 

produced as shown in Figure 6.4. Nevertheless, it is important to note that Figure 6.4 is 

presented on steam to ethanol of 1.8. At other feed ratios the amount of carbon is 

changed according to multiple complex reactions system. 

 

 
 

Figure 6.4 The amount of carbon formation from different pathways of ethanol steam 

reforming. 
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6.3.3 Effect of dehydrogenation temperature on product yields 

In the first step, the yields of the dehydrogenation reactor are in various 

products. Figure 6.5 illustrates the amount of many species that can be occurred when 

ethanol is heated in the temperature ranges of 400 K to 1200 K. From the simulation 

results, the trace of ethanol and acetaldehyde is found. It can be predicted that ethanol 

is easily dehydrogenated to acetaldehyde and acetaldehyde is not too stable to stay its 

form. Acetaldehyde is decomposed to methane and carbon monoxide quickly. The 

amount of carbon monoxide is enough to form carbon by Boudouard reaction at low 

temperature. Increasing temperature leads to methane decomposition that mainly 

causes the carbon formation at high temperature. The effect of dehydrogenation 

temperature on the conversion of ethanol is considered in this study. From the 

simulation results, it can be seen from Table 6.2 that at any temperatures ethanol can 

be totally conversed without the presence of steam. However, it is essential to know 

that ethanol can dehydrogenate at quite low temperature and dehydrogenation reactor 

presents the exothermic heat at operating temperature between 400 K to 500 K. This 

information is enough to select the dehydrogenation temperature to close the thermo 

neutral zone.   

 
Figure 6.5 The effect of dehydrogenation temperature on product yields. 
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Table 6.2 The effect of dehydrogenation temperature on ethanol conversion, product 

yields and heat duty of reactor. 

 

Temperature 

(K) 

Ethanol 

conversion 

(%) 

Product yields (mole/mole ethanol) Heat 

duty 

(kW) 

H2 CH4 CO2 CO C 

400 100 0.003 1.498 0.500 0 0.002 -6.247 

500 100 0.035 1.483 0.500 0 0.017 -3.476 

600 100 0.177 1.412 0.499 0.001 0.088 0.909 

700 100 0.573 1.214 0.492 0.016 0.278 9.004 

800 100 1.313 0.844 0.446 0.108 0.602 23.589 

900 100 2.148 0.426 0.297 0.406 0.871 44.812 

 

6.3.4 Effect of reforming temperature and feed ratio on product yields 

The effects of reforming temperature and feed ratio in the steam reformer on 

product yields and carbon formation are investigated. To compare the prediction of 

carbon formed, Figure 6.6 (a) presents the grey area that shows the carbon formed 

region but Figure 6.6 (b) does not. The two-step of ethanol steam reforming has the 

crucial benefit of carbon-free hydrogen production. It can be noticed that the trend of 

methane and carbon monoxide lines is changed from the conventional pathway. 

Through hydrogen and carbon dioxide yields do not change apparently, the two-step 

reforming via acetaldehyde has the higher amount of methane with no carbon formation 

at low temperature and feed ratio.  
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(a) 

  

 

(b) 

 
 

Figure 6.6 Effect of temperatures and feed ratio on the product yields: (a) conventional 

pathway and (b) via acetaldehyde in two step reforming (grey area is the carbon formed 

region and a number on the line is the amount of products (mole/mole of ethanol feed)) 
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6.4 Conclusions 

The thermodynamic analysis of a two-step ethanol steam reforming for carbon-

free hydrogen production is investigated by using Gibbs free energy minimization 

method. The main advantage of our proposed reaction pathway is to avoid ethylene and 

carbon formation by dehydrogenating ethanol to acetaldehyde before being fed into the 

steam reformer. The effect of intermediates, the number of reforming steps, the 

dehydrogenation temperatures, the reforming temperatures and feed ratios on product 

yield and carbon formation have been studied at isothermal conditions. Using 

acetaldehyde as an intermediate instead of ethylene can reduce the carbon formation 

possibility from 100% to 24%. The two-step reforming is necessary to control the 

pathway via acetaldehyde. Based on the thermodynamic calculations, ethanol totally 

converts to hydrogen and acetaldehyde which then decomposes to methane and carbon 

monoxide spontaneously. Dehydrogenation reactor performs nearly thermo neutral 

condition and presents low carbon formed at temperature of 500 K. In the steam 

reformer, the carbon-free hydrogen rich gas is produced even at low temperature and 

feed ratio.  

 



 

CHAPTER VII 

PERFORMANCE IMPROVEMENT OF ENHANCED ETHANOL STEAM 

REFORMING AND SOFC INTEGRATED SYSTEMS 

This chapter presents the effect of removing CO2 and steam from the reforming 

gas on the SOFC performance. The addition of CaO to capture CO2 and the installation 

of a dehumidifier to remove steam in the reformer are proposed to improve hydrogen 

production efficiency. Efficiency of the steam reformer and SOFC integrated system 

with and without an enhancement unit is compared and analyzed with respect to key 

operating parameters. 

7.1 Introduction 

Nowadays a steam reforming is the most commonly used process for hydrogen 

production from ethanol. However, the steam reforming is limited by chemical 

equilibrium reactions which typically produce more dilute products such as CO2 and 

water. For this reason the removal of CO2 and excess steam in the reforming 

environment is an interesting alternative to enhance the purity of hydrogen-rich gas. 

Using CaO sorbent for CO2 capture (Elzinga et al., 2011; Cormos and Simon, 

2013) is believed to be thermodynamically the best candidate among metal oxides for 

CO2 capture in zero emission power generation systems. Upon reaction of carbon 

dioxide (CO2) and the solid sorbent (CaO), CO2 is converted to a solid carbonate. 

Regenerating the sorbent results in releasing CO2 suitable for storage. The 

carbonation/calcination (or adsorption/desorption) equilibrium reaction is written as in 

Eq. (7.1): 

 

 2 3CO +CaO CaCO  (7.1) 

 

Schematic diagram of the ethanol-fuelled SOFC system integrated with a 

sorption-enhanced reforming process is shown in Figure 7.1. Additionally, to attain 

high hydrogen yield, the addition of more steam to the steam reformer is generally 
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needed to promote the steam reforming reactions; typically methane steam reforming 

and water gas shift reaction, as shown in Eq. (7.2) and (7.3) respectively:  

 

 4 2 2CH H O CO 3H    (7.2) 

 2 2 2CO H O CO H    (7.3) 

 

However, excess steam will dilute the hydrogen product stream, thereby degrading the 

fuel cell performance. Therefore, it is reasonable to remove steam from the reformate 

gas before it is fed to a cell stack by using a dehumidifier. In this study, the dehumidifier 

is conceptually designed and is employed to keep the humidity of the synthesis gas 

product at a desired limit. Schematic diagram of the ethanol-fuelled SOFC system 

integrated with a dehumidifier is shown in Figure 7.2. 
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Figure 7.1 Schematic diagram of the ethanol-fuelled SOFC system integrated with a 

sorption-enhanced reforming process. 



 
 

 

112 

Dehumidifier

Solid Oxide

Fuel Cell
Steam

Reformer

Air

Enriched H2

H2-rich gas

Water

Anode exhaust gas recycling

LOADS

e
-

e
-

Ethanol 

Steam

 
 

Figure 7.2 Schematic diagram of the ethanol-fuelled SOFC system integrated with a 

dehumidifier. 

 

7.2 Methodology 

In CO2 capture study, an equilibrium reactor module in Aspen Plus, which is 

based on the minimization of total Gibbs free energy, is employed to predict the 

equilibrium composition of the outlet gas from the reforming process. The 

thermodynamic properties of involved substances are determined by the Peng-

Robinson equation of state. The species considered in the calculations include C2H5OH, 

H2O, CH3CHO, C2H4, H2, CH4, CO2, CO ,C, CaO and CaCO3.  To analyze the 

formation of coke from a thermodynamic point of view, it is assumed that carbon 

formed is elemental, in the graphitic form. The reforming with CO2 capture is studied 

and discussed in terms of SOFC performance. 

 

In steam removal study, the dehumidification ratio (DR) is defined as the ratio 

of steam removed from the gas product to the total amount of steam in the synthesis gas 

feed. The simulation of the ethanol steam reformer is also performed based on the 

minimization of total Gibbs free energy. But the concerned compositions are different. 

CaO and CaCO3 are not taken into account. To investigate its performance with respect 

to key operating parameters, a model of the SOFC integrated system is developed and 

employed to study its electrical and thermal energy performance. High-quality by-

product heat form anode exhaust gas is recovered to be used in all requiring heat units. 
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The SOFC integrated system with and without the dehumidifying unit is compared and 

analyzed in terms of electrical and thermal efficiencies by using Aspen Plus®. 

 

7.3 Results and discussion  

7.3.1 Enhancement of hydrogen production by using sorption-enhanced reforming 

The performance of CaO to capture CO2 as a function of operating reforming 

temperatures is shown in Figure 7.3. At low temperature operation, most CO2 can be 

removed; however, the efficiency of CaO decreases at high temperatures due to the 

exothermicity of the carbonation reaction. The amount of steam fed to the reformer 

seems to have a stronger effect on the H2 yield than the operating temperatures. The 

addition of more steam can enhance the production of H2; however, high energy input 

is required to generate steam. In addition, the excess steam can dilute the H2 product 

stream, which costs a dehydration process. Therefore, the reforming condition at 

temperature of 900 K and steam-to-ethanol ratio of 5 providing 93% CO2 capture and 

5.6 moles H2/1 mole of ethanol is chosen to be the operating condition of ethanol 

reforming processor. 

 
Figure 7.3 Effect of temperature on CO2 capture and H2 yield at different steam-to-

ethanol ratios (CaO/C2H5OH = 3). 
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To demonstrate the benefit of the CO2 removal using CaO sorbent in the 

reforming process, the performance of the SOFC run on the reformate gas derived from 

the steam reforming without and with CaO is compared as shown in Figure 7.4. The 

SOFC is operated at the fuel utilization of 70% and temperatures of 973 K, 1023 K and 

1073 K. The results show a significant improvement of the SOFC in terms of the cell 

voltage and power density generation when the reformate gas from the steam reforming 

with CaO is fed to the SOFC. In addition, the limiting current density of the SOFC 

system combined with CO2 capture is expanded, especially at high-temperature 

operation. Figure 7.5 shows the percentage of performance improvement of the 

combined SOFC and the steam reforming with CO2 capture process. Compared with 

the performance of the SOFC and steam reforming process without CaO, it can be seen 

that at the operating current density of 3 A/cm2 and the temperature of 1073 K, the 

power density of the SOFC run on the reformate gas from the process with CO2 capture 

increases by 13.46%. 

 
 

Figure 7.4 Cell voltage and power density as a function of current density at T = 973 

K, 1023 K, and 1073K (70% fuel utilization) 
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Figure 7.5 Performance improvement of the steam reforming with CO2 capture and 

SOFC integrated system. 

 

7.3.2 Enhancement of hydrogen production by using dehumidification 

Simulation of the ethanol steam reforming process is performed to investigate 

the effect of key operating parameters, such as, temperature and steam-to-ethanol ratio 

(S/E). For each water feed ratio, the hydrogen yield reaches the highest value when the 

reforming temperature is in the range of 900-1,000 K. However, the more steam feed 

the more hydrogen production can be enhanced. For example, when the reformer is 

operated at the steam-to-ethanol ratio of 10, the highest hydrogen yield of 5.4 

mole/mole ethanol is obtained. It is noted that in practice, the reformer can be run at a 

lower S/E ratio to save energy demand because the remaining CH4 and CO can be used 

as fuel in SOFC; at low S/E ratio, these reforming products are more produced under 

the thermodynamic control. A carbon formed region under the reformer operation is 

also presented in the Figure 7.6, so that it will be easy to choose the reforming 

operational conditions without facing the carbon formation problem. Effect of 

temperatures on the H2 and H2O compositions at different steam-to-ethanol ratios is 

shown in Figure 7.7. The results show that the concentration of H2 increases with the 
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increased temperature and is kept content when the reforming temperature is higher 

than 980 K. Under this operating temperature, the synthesis gas obtained contains H2 

around 45-60 %, depending on the amount of steam used. Significantly, it can be 

noticed that the more steam fed the more hydrogen-rich gas will be diluted. 

 

 
 

Figure 7.6 Effect of temperature and steam-to-ethanol ratio on the product yields (a 

number on the line is the amount of gaseous products (mole/mole of ethanol feed)) 
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Figure 7.7 Effect of reforming temperature on product gas composition at different 

steam-to-ethanol ratios. 

 

The dehumidification ratio (DR) is a parameter that is used to determine the 

ratio of steam removal. The SOFC system is simulated based on design specification 

and model given in section 4.2. The results show that the DR affects the SOFC 

performance in term of cell voltage as shown in Figure 7.8. An increase in DR increases 

the voltage of the SOFC. High removal of steam improves the quality of hydrogen feed 

to SOFC and the electrochemical reaction in the SOFC is more pronounced along with 

the decreased concentration loss. 
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Figure 7.8 Effect of dehumidification ratio (DR) on the fuel cell voltage at different 

steam-to-ethanol ratios. 

 

The comparison of the SOFC efficiencies with and without a dehumidifier is 

analysed at various steam-to-ethanol ratios as shown in Figures 7.9 and 7.10. It is found 

that the electrical performance of the SOFC system without the dehumidifier decreases 

when increasing the steam-to-ethanol feed ratio. This can be explained by a dilution of 

the fuel fed to the SOFC. When the steam and ethanol are fixed at the ratio of 8, the 

electrical efficiency of the SOFC system with 100 % dehumidification is 58.2 %, which 

is higher than that without the dehumidifier (54.1 %) as shown in Figure 7.9. However, 

it is observed that the SOFC system without the dehumidifier unit can achieve its high 

efficiency when it is operated at a lower steam-to-ethanol ratio. Moreover, it is better if 

the least amount of water is added to the reformer in order to keep its high thermal 

efficiency as shown in Figure 7.10. When the SOFC system is run at low steam-to-

ethanol ratio, heat obtained from the anode gas is higher than that required by the 

reformer and heaters. To further improve the system efficiency, the remaining useful 

heat can be applied to other heat requiring components in cogeneration or trigeneration 

applications. Figure 7.10 also shows that the addition of the dehumidifier in the SOFC 

system has less impact on its thermal efficiency. 
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Figure 7.9 Electrical efficiency of the SOFC systems with and without dehumidifier 

at different steam-to-ethanol ratios 

 

 
 

Figure 7.10 Thermal efficiency of the SOFC systems with and without dehumidifier 

at different steam-to-ethanol ratios 

 



 
 

 

120 

7.4 Conclusions 

In this study, the performance of an ethanol-fuelled SOFC system integrated 

with a sorption-enhanced reforming process and dehumidifier were analyzed. 

Simulation of the ethanol steam reformer was first performed to study the effect of key 

operating parameters on product distribution. The result demonstrates that high 

hydrogen yield is found with high CO2 content. When a carbon dioxide capture is 

considered, the steam reforming with CO2 capture process outperforms the 

conventional steam reforming process as a high purity of H2 is obtained. At constant 

current density, the use of reformate gases from the ethanol steam reformer added CaO 

has a higher actual cell voltage. However, the addition of the regenerator and fresh 

absorbent influences the economic consideration. 

 

For the study of dehumidification, it was found that the highest hydrogen yield 

can be achieved when operating the ethanol steam reformer at the operating temperature 

of 980 K with any steam-to-ethanol ratios. Although increasing steam feed can enhance 

the hydrogen yield, excess steam dilutes the fuel and directly affects the SOFC 

efficiency. From this study, the results show that the installation of the dehumidifier at 

the outlet of the ethanol steam reformer to eliminate unnecessary steam can enrich the 

hydrogen fuel and improve the actual cell voltage and electrical efficiency. However, 

low steam feeding is more recommended because the operation of the reformer at low 

level of steam with the dehumidification provides few percentages of SOFC 

performance improvement. Moreover, the use of the dehumidifier has less effect on the 

thermal system efficiency. 

 



 

CHAPTER VIII 

ANALYSIS OF A SOLID OXIDE FUEL CELL SYSTEM 

COMBINED WITH A TWO-STEP REFORMING PROCESS 

USING CO2 SORBENT 

This chapter the two-step ethanol steam reforming, which consists of ethanol 

dehydrogenation and steam reforming, is used as a fuel processor to replace a 

conventional ethanol steam reforming (single step steam reforming) for solid oxide fuel 

cell applications. Performance of the SOFC integrated with the two-step steam 

reforming of ethanol is analyzed under thermally self-sufficient condition. The addition 

of CaO to capture CO2 in the reformer is proposed to improve hydrogen production 

efficiency. The economic analysis is also provided in this chapter. 

 

8.1 Introduction 

  The concept of a two-step ethanol steam reforming is proposed in order to 

produce only desired species in the first step of a dehydrogenation unit, and then convert 

these species into hydrogen-rich gas in a reformer. However, the steam reforming of 

acetaldehyde in the second step is limited by chemical equilibrium reactions, e.g., 

acetaldehyde decomposition, steam reforming of acetaldehyde, methane steam 

reforming and water gas shift reaction (Eqs.(8.1)-(8.4)). 

 

 3 4CH CHO CH CO   (8.1) 

 3 2 2CH CHO H O 2CO 3H    (8.2) 

 4 2 2CH H O CO 3H    (8.3) 

 2 2 2CO H O CO H    (8.4) 
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 The removal of CO2 in the reforming environment is an interesting alternative 

to enhance the reforming efficiency and deal with environmental concerns by reducing 

greenhouse gas emission.  

To improve the ethanol reforming process for hydrogen production, performing 

the two-step reforming reactions via acetaldehyde as an intermediate coupled with the 

removal of CO2 by absorbents is an interesting combined methods in this study. 

However, the addition of the second reformer, fresh absorbent and even regenerator 

leads to the energy consumption concerns and establishes a sound costly framework. 

Therefore, the aim of this study is not only to show the hydrogen production 

performance but also to manage the energy inside the whole systems to operate under 

thermo-neutral conditions. Getting along with the economic aspects, a preliminary 

economic analysis is also carried out. 

 

8.2 Methodology 

In this study, three different ethanol reforming processes are considered as 

followings: 

 

(i) conventional steam reforming (CSR); 

(ii) two-step steam reforming (TSR); 

(iii) two-step steam reforming with CO2 capture (TSR&C). 

 

In the CSR process, ethanol and steam are directly fed into the single-step steam 

reformer whereas the TSR and the TSR&C fuel processors consist of a dehydrogenation 

reactor and a steam reformer; ethanol is firstly dehydrogenated to acetaldehyde, which 

is then reformed with steam to produce hydrogen-rich gas. Similar to the previous 

studies, an equilibrium reactor module in Aspen Plus, which is based on the 

minimization of total Gibbs free energy, is employed to predict the equilibrium 

composition of the outlet gas from the reforming process. The thermodynamic 

properties of involved substances are determined by the Peng-Robinson equation of 

state. 
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When the fuel processor with different configurations (i.e., CSR, TSR, and 

TSR&C) is integrated with the SOFC, the exhaust gas of the SOFC is sent to an 

afterburner and the generated heat is used to supply to the fuel processor. In this work, 

the outlet gas temperature of the afterburner is considered the primary parameter for 

adjusting the SOFC system to achieve the self-sustain operation (
netQ = 0). The other 

parameters are kept constant for economical comparison. The total net energy of the 

system (
netQ ) is defined as following: 

 

 net
1

0
n

i
i

Q Q


   (8.5) 

 

8.3 Results and discussion  

8.3.1 Effect of temperature and steam-to-ethanol ratio on the product gas 

compositions  

The effect of temperatures and feed ratio on the product yields in different 

ethanol processors is shown in Figure 8.1. It clearly shows that carbon is generated in 

the CSR when operated at low steam-to-carbon ratios under the temperature range of 

the study (Figure 8.1(a)), whereas the use of the two-step reforming of ethanol (TSR 

and TSR&C) can avoid the carbon formation (Figure 8.1(b) and (c)). In the 

dehydrogenation reactor, it is important to note that the temperature of 500 K is chosen 

to perform the analysis for the last two cases (TSR and TSR&C) with almost 100% 

ethanol conversion. In the steam reformer of the two-step ethanol reforming, 

acetaldehyde occurred from the dehydrogenation of ethanol can be easier decomposed 

to CH4 and CO than reacted with water to produce hydrogen. For the TSR, although 

the effect of carbon formation is suppressed, the presence of CO2 at the operating 

condition which gives high H2 yield can dilute the reformate gas and turn into adversely 

affect on the SOFC performance. This difficulty can be overcome by introducing CaO 

as a CO2 adsorbent to the steam reformer (TSR&C). Figure 8.1(c) shows the reforming 

products in the TSR&C process. High hydrogen product can be obtained at lower 

temperatures and lower steam-to-ethanol ratios, compared to the TSR process and in 
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addition, the produced CO2 is decreased. A removal of CO2 by CaO can shift the 

reforming reaction to the H2 product side.  

 

(a) 

 

(b) 
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(c) 

 
 

Figure 8.1 Effect of temperatures and feed ratio on the product yields: (a) conventional 

steam reforming (CSR), (b) two-step steam reforming (TSR) and (c) two-step steam 

reforming using CaO sorbent (TSR&C) (CaO/C2H5OH = 3) 

 

8.3.2 System under a thermally auto-sustainable condition 

Next, the SOFC systems are performed under a thermally auto-sustainable 

condition. First, the heat duty of each unit inside the system, in which the conditions of 

each configuration are operated as shown in Figure 8.2, is determined. And then the 

afterburner temperature is adjusted to balance the total heat generation and the total 

heat consumption. From Figure 8.2, it is found that all configurations can follow the 

benefits of heat supply and utilization equality. However, it can be noticed that the 

afterburner temperature in the TSR&C system, can be reduced to a lower temperature 

compared to CSR and TSR cases. 
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(a) 

 

(b) 

 

(c) 

 
 

Figure 8.2 The configuration of the SOFC systems at a thermally auto-sustainable 

condition with:  (a) CSR, (b) TSR and (c) TSR&C (ethanol feed rate = 1 kmol/hr) 
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8.3.3 Economic analysis 

In this section, a preliminary economic analysis of the SOFC integrated with 

different ethanol steam reforming configurations for 1 MW of electrical power 

generation is performed. Two parameters, i.e., capital and raw material costs, are used 

to determine the economic feasibility for the investment decision making. Table 8.1 

summarizes the costing model and economic parameters used in this analysis. For the 

capital costs, the SOFC stack and the fuel processors; including a dehydrogenation 

reactor, a steam reformer, and a regenerator, are calculated according to the considered 

case. However, it is assumed that in all cases the costs of the other units, such as 

evaporators, heaters and the afterburner, do not change much and are not considered in 

the economical calculations because they are used in the same size and the same 

material.  

 

Table 8.1 Costing models and economic parameters used in the economic analysis. 

 

Costing 

model 

  Reference 

Fuel 

Processor 

Reactor 

volume (ft3) 

Reactor 2[ / ]L LV F     (Biegler et 

al., 1997) 

 Reactor 

Diameter (ft) 

3
Reactor / πD V   

 Reactor 

Height (ft) 

4L D   

 Reactor Cost 

($)    
0.81 1.05a

  1000 / 4 / 3C L D  

 

 Material and 

Pressure 

Factor m pMPF  F F  

 

 Updated 

Reactor cost 

($) 

 UC  (UF C) MPF MF 1      
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SOFC Cell cost ($) b

cell single cell 0.1442C A   (Piroonlerkgul 

et al., 2010) 

 Number of 

cells 

cell total single cell /N A A   

 Number of 

stacks 

stack cell /100N N   

 Fuel cell 

stack cost ($) 

stack cell cell stack

single cell

  2.7[(   )  (2 

0.46425)]

C C N N

A

   

 
 

 

Economic parameters   

 Ethanol Feed 

Cost ($/L) 

0.371 (Lopes et al., 

2012) 

 Liquid hold 

up time;

(min) 

5  

 Guthrie 

Material 

Factor; mF  

3.67 (Stainless 316)  

 Guthrie 

Pressure 

Factor; 
pF  

1 (Atmospheric pressure)  

 Module 

Factor; MF 

4.23  

 Update 

Factor; UF 

4.7826 (assume present cost index= 

550) 

 

 CaO sorbent 

($/ton)  

60 (Piroonlerkgul 

et al., 2010) 

a All reactors is in vertical fabrication. 

b A single cell area is fixed at 200 cm2. 
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The results of the economical analysis of the SOFC system based on the two-

step steam reforming process under thermally auto-sustainable operation is summarized 

in Table 8.2. At the chosen operating condition, the use of the two-step steam reforming 

process with CO2 capture (TSR&C) can reduce the SOFC stack size by 6.2%, 

comparing to the conventional steam reforming (CSR), because of a higher electrical 

power of the SOFC run on the reformate gas from the TSR&C; the power density of 

the SOFC system with TSR&C is increased by 6.61%. As a consequence, using the 

TSR&C in the SOFC system can save the total capital cost approximately 4.18 % even 

though it has three reactors inside.  

 

Considering the raw material use and obtained product from different fuel 

processors, at the same net electrical power generation, the fuel feed cost of the CSR 

system is higher than that of the TSR and TSR&C systems. This result is because the 

CSR-SOFC system requires a higher amount of ethanol to produce the same amount of 

H2 for the SOFC. It is noted that although the fuel feed cost of the TSR is almost equal 

to that of the CSR but the TSR has a benefit of no carbon formation possibility in the 

reformer. Based on the fuel feed costs and fuel processor capital costs, the use of the 

TSR process might not be a good alternative fuel processor in the SOFC system. 

However, the TSR process can remarkably return to be a promising candidate when 

CaO sorbent is added to a reformer (TSR&C process). The results in Table 8.2 show 

that the TSR&C process leads to the net saving cost of 13.08%. 
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Table 8.2 Economical comparison of the SOFC system with different fuel processors. 

 

Conventional 

steam 

reforming 

Two-step steam reforming 

process 

No  

CO2 Capture 

With  

CO2 capture 

Carbon formed region Yes No No 

Net electricity produced (MW) 1 1 1 

Operating Voltage (Volt) 0.7 0.7 0.7 

Ethanol feed rate (liter/hour) 341.35 341.31 276.55 

% Fuel utilization 70 70 70 

Power density (W/cm2) 0.44745 0.44747 0.47701 

Improvement of power density (%) - 0.0056 6.6182 

SOFC efficiency (%) 49.681 49.685 56.020 

SOFC active area (m2) 223.49 223.47 209.62 

Improvement in SOFC area (%) - 0.0078 6.2069 

Capital cost of fuel processor ($) 21,159 37,585 37,943 

Capital cost of SOFC ($) 870,156 870,088 816,146 

SUM 891,315 907,673 854,089 

Fuel feed cost ($/year) 2,691,240 2,690,886 2,180,302 

CaO feed cost ($/year) - - 79,580 

Saving capital cost (%) - - 1.83 4.18 

Saving of raw material (%) - 0.01 16.03 

Net cost savinga (%) - - 0.45 13.08 

 

a The net cost saving (%) = 
 

 

total cost from CSR - total cost of process
100%

total cost from CSR
  
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8.4 Conclusions 

Performances of two main fuel processors: conventional steam reforming 

(CSR) and two-step steam reforming (TSR), are investigated in the ethanol-fuelled 

SOFC system under the thermally auto-sustainable condition at which an external 

energy input is unnecessary. The result demonstrates that the two reforming processes 

give similar product distribution; high hydrogen yield is found with high CO2 content. 

However, a carbon formation can be avoided in the TSR process. When a CO2 capture 

is considered, the TSR&C process outperforms the TSR process as a high purity of H2 

is obtained. This factor improves the performance of the SOFC in terms of high power 

density and cell stack efficiency. From the economic point of view, based on 1 MW 

power generation, the use of the TSR&C process in the SOFC system gives larger net 

saving cost than other processes. Thus, the TSR&C fuel processor which does not 

contribute to the economic problem is an attractive hydrogen production method for the 

SOFC system. 

 



 

CHAPTER IX 

ENERGY AND EXERGY ANALYSES OF AN ETHANOL-

FUELED SOLID OXIDE FUEL CELL FOR A TRIGENERATION 

SYSTEM 

This chapter presents an integrated solid oxide fuel cell (SOFC) system with an 

absorption chiller that uses heat recovery of the SOFC exhaust gas for combined 

cooling, heating, and power production (trigeneration) through energy and exergy 

analyses. The system consists of an ethanol reformer, SOFCs, an air pre-heater, a steam 

generator and a double-effect LiBr/H2O absorption chiller. To assess the system 

performance and determine the irreversibilities in each component, a parametric study 

of the effects of changing the current density, SOFC temperature, fuel utilization ratio 

and SOFC anode recirculation ratio on the net electrical efficiency and the efficiency 

of heating cogeneration, cooling cogeneration and trigeneration is presented.  

9.1 Introduction 

In addition to being environmentally friendly, a main objective of power 

generation is to design more efficient power generating plants that can provide 

multiproduct capabilities (Ahmadi et al., 2013). The solid oxide fuel cell (SOFC) is 

considered to be a potential technology that is characterized by its high efficiency, low 

CO2 emissions and high quality by-product heat generation for cogeneration or 

trigeneration applications. Trigeneration is defined as the simultaneous production of 

combined cooling, heating, and power (CCHP) from the same energy source. This 

process utilizes the waste heat from an SOFC system to improve overall thermal 

performance because the heat can be recovered not only for heating by directly feeding 

to heat-demanding devices but also for cooling by driving an absorption chiller. 

Furthermore, there is a study confirmed that the near future integrated energy system 

will be reached by incorporating the demand for mobility, as well as the expansion of 

cogeneration and trigeneration system by adding the facility to produce hydrogen or 

ethanol from waste (Blarke and Lund, 2008). 
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The primary objective of this research is to improve understanding, by 

performing thermodynamic modeling of an integrated ethanol-fueled solid oxide fuel 

cell and a double-effect water/lithium bromide absorption chiller for a trigeneration 

system and analyzing it in detail through energetic and exergetic approaches. 

Comprehensive thermodynamic models have been developed by using the Engineering 

Equation Solver (EES) software (Klein, 2014) under steady-state operating conditions. 

The possibility of such an integrated system is also investigated under different 

operating conditions and parameters considering the process’s abilities to handle with 

ethanol as a fuel. 

 

9.2 System description 

A general configuration of the integrated system is shown in Figure 9.1. The 

system considered herein consists of an SOFC stack, an ethanol reformer, an 

afterburner, an air pre-heater, a steam generator, and a double-effect water-lithium 

bromide absorption chiller.  

 

Ethanol fuel is externally reformed with steam to produce a hydrogen-rich gas 

in the ethanol reformer before being fed into the SOFC anode, and the air is pre-heated 

and fed into the SOFC cathode. In the SOFC, the electrochemical reaction occurs at the 

interface of the electrolytes and anodes, in which electricity is generated through the 

electrochemical reaction of electrons flowing through the anode and an external circuit 

to the interconnection and cathode, from which SOFC exhausted heat (
SOFCQ ) is also 

produced. In general, the SOFC cannot electrochemically utilize 100% of the fuel. The 

residual fuel and the excess air are combusted in the afterburner to obtain extra heat (

AFQ ) at high temperature. Subsequently, the hot flue gas flows to exchange the heat for 

air preheating in the heat exchanger and then passes the steam generator, where it 

transfers the heat to the feed water, which is heated and converted into superheated 

steam used to drive the double-effect absorption chiller.  

 

The key components of a double effect absorption chiller are an evaporator, an 

absorber, a low pressure generator, a high pressure generator, a condenser, two solution 
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heat exchangers, two pumps, and throttling valves as shown in Figure 9.1. The heat 

from superheated steam is supplied to the high pressure generator (
HP,GEQ ) to obtain the 

primary steam and a concentrated LiBr solution. The primary vapor released from the 

high pressure generator is condensed in the low pressure generator, transferring the heat 

of condensation to the concentrated solution (
LP,GEQ ) to generate a secondary steam. 

The secondary stream flows to the condenser, and the most concentrated solution, 

which flows to the absorber. In the condenser, the heat is rejected to the external circuit 

(
COQ ) to change the steam to the liquid phase. After expansion, the condensed water 

continues to the evaporator where it is evaporated at low pressure, removing the heat 

of vaporization (
EVQ ). In the absorber, the vapor contacts the concentrated solution, 

from the low pressure generator through the solution heat exchanger 1, to reject its heat 

of absorption (
ABQ ). The diluted working solution in the absorber is then pumped to the 

generators, passing through solution heat exchangers 1 and 2, to continuously repeat 

the thermodynamic cycle. 

 

The analysis of the components in the system (Figure 9.1) is modeled by 

balanced equations of mass, energy, entropy and exergy. The following assumptions 

were used: atmospheric air was considered an ideal gas with the composition of 21% 

oxygen and 79% nitrogen; all flow steams were assumed ideal gases; no pressure losses 

were considered in the flow paths; ambient temperature and pressure were constant; 

and a steady-state operation was assumed.  
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Figure 9.1 Schematic diagram of an SOFC system integrated with a double-effect 

absorption chiller 

 

9.3 Results and discussion  

 A comprehensive energy and exergy analyses of the trigeneration system has 

been performed and results are presented here. The proposed guidance system allows 

for the sustainable production of electricity as long as an appropriate thermal heat 

source is available for ethanol steam reforming, air pre-heating, and even steam 

generating processes. Using the assumptions stated above where i = 0.5 A/cm2, T

=1073 K and 
fU = 0.85, integrating energy of the available heat from SOFC by applying 

to the heat requiring units can boost the energy efficiency of the system to be 88 % 

instead of the normal which is 45 %. This is remarkable mainly because no additional 

external hot utilities are need. Moreover, the exergy analysis is accomplished to 

determine that the ruins of energy quality can be avoided by fitting the location of 

equipment. In this case the hot flue gas from afterburner should deliver to exchange the 

heat for air pre-heating in the heat exchanger before passing through steam generator. 

Such a proper configuration presents exergetic performance improvement resulting in 
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a 67 % and 25 % reduction in the exergy destruction of air pre-heater and steam 

generator respectively compared with the values when twisting the position of these 

two devices. This integrated power system is part of the success under energy and 

exergy analyses. 

 

 To investigate the performance variation of the trigeneration system in term of 

energy and exergy efficiencies, exergy destruction and the amount of product 

proportion, certain design parameters such as current density, SOFC temperature, fuel 

utilization ratio and SOFC anode circulation ratio are varied. These design parameters 

plays an important role in the system output. The variations of these parameters are 

discussed in detail below. 

 

9.3.1 Energy and exergy analyses 

9.3.1.1 Effect of current density of the SOFC on energy and exergy efficiencies, 

exergy destruction rate and electrical to heating and cooling ratios 

The effect of changing the current density of the SOFC on the energy efficiency,  

exergy efficiency, exergy destruction rate and electrical to heating and cooling ratios is 

shown in Figure 9.2 (a)-(d) under a constant SOFC temperature of 1073 K, 85% fuel 

utilization and no anode exhaust gas circulation. In these figures, the current density 

increase from 0.2 to 0.9 A/cm2 is considered. Figure 9.2 (a) and (b) show that all 

efficiencies decrease as the current density increases. The drop in the efficiency is 

attributed to the decrease in the cell voltage. As the efficiency of the SOFC decreases 

with increasing current density, the waste heat from the SOFC increases. However, both 

energy and exergy efficiencies of co- and trigeneration still decrease because the 

reduction of net SOFC power mainly dominates the heating and cooling products. The 

highest net electrical efficiency is 53%, which is obtained at a current density of 0.2 

A/cm2, whereas the lowest net electrical efficiency is 37% at 0.9 A/cm2. The energy 

efficiency of the cooling cogeneration exhibited a 6% gaining in the net electrical 

energy efficiency; however, the cooling cogeneration exergy efficiency averaged 2% 

higher than the net electrical exergy efficiency. This small difference in gain is a result 

of the small amount of cooling energy to electrical energy in the cycle, which is 
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approximately 4-12% of the electrical energy. The maximum cooling energy efficiency 

is 59% whereas the maximum cooling exergy efficiency is 55%. Alternatively, the 

maximum heating energy and exergy efficiencies are 79% and 64%, respectively. It can 

be observed that when trigeneration is used, the energy efficiency significantly 

increases by at least 32% from the net electrical efficiency. The influence of the current 

density on the exergy destruction rate of the different components of the system is 

presented in Figure 9.2 (c). It can be observed that all of the exergy destruction 

components increase as the current density increases. This study reveals that although 

the current density has a slight effect on the absorption chiller, the reformer, and the air 

heat exchanger, the current density is one of the operating parameters modified inside 

the SOFC stack and directly affects the amount of SOFC exhaust heat that enters to the 

afterburner. Therefore, the change in the exergy destruction rate with current density is 

significantly increased for the afterburner and SOFC. The amount of the change in the 

exergy destruction reaches 1622 kW. The effect of the current density on the electrical 

to heating and cooling ratios is presented in Figure 9.2 (d). In this figure, the electrical 

to heating ratio changes from 2 to 0.9, whereas the electrical to cooling ratio changes 

from 8.5 to 25 with the change in the current density. The electrical to cooling ratio 

sharply increases when the SOFC system is operated at a high current density because 

of the reduced cooling capacity compared to the power output of the system. 
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(a) 

 

(b) 
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(c) 

 

(d) 

 
 

Figure 9.2 Effect of current density on (a) energy efficiency, (b) exergy efficiency, (c) 

exergy destruction rate and (d) electrical to heating and cooling ratios at TSOFC = 1073 

K and r  = 0, Uf = 0.85. 
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9.3.1.2 Effect of SOFC temperature on energy and exergy efficiencies, exergy 

destruction rate and electrical to heating and cooling ratios 

The variation of the energy efficiency, exergy efficiency, exergy destruction 

rate and electrical to heating and cooling ratios at different operating SOFC 

temperatures is shown in Figure 9.3 (a)-(d), respectively. The effect of changing the 

SOFC temperature was studied from 973 to 1173 K under a constant current density of 

0.5, 85% fuel utilization and no anode exhaust gas circulation. The following results 

were obtained by performing a reverse behavior of the change in the current density. 

This is attributed to the fact that the internal reforming and electrochemical reactions in 

the SOFC are favored during operation at high temperatures: the increase in produced 

hydrogen promotes the electrochemical reaction in the SOFC stack. The voltage losses 

of the SOFC will be considerably decreased as the operating temperature increases, 

resulting in the increase of actual cell voltage and the generation of more SOFC 

electrical power. It is for this reason that the efficiency is enhanced as the SOFC 

temperature increases. Figure 9.3 (a)shows that the energy efficiencies reach their 

maximum at the maximum temperatures considered. The maximum energy efficiencies 

of the cooling and heating cogeneration and the trigeneration are 52%, 94%, and 96%, 

respectively. The cooling cogeneration efficiency has a similar trend compared with the 

net electrical efficiency, which has an approximate 3% gain in the net electrical energy 

efficiency. Figure 9.3 (b) reveals that the temperature at which the exergy efficiency is 

the highest is the same temperature at which the energy efficiency performs. The 

maximum exergy efficiencies of the cooling and heating cogeneration and the 

trigeneration are 51%, 61%, and 62%, respectively. Figure 9.3 (c) shows the effect of 

changing the SOFC temperature on the exergy destruction rate of different components 

of the system. This figure shows that the afterburner, SOFC, steam generator, and  air 

heat exchanger exhibit a lot of change in the exergy destruction rates compared to the 

reformer and absorption cooling system. Specifically, at a high temperature of the 

SOFC, the exergy destruction of the afterburner is considerable. This result is because 

even the increase in SOFC temperature drops the net anode exhaust heat and depletes 

the useful gas, there is a high exergy value of hot gas fed to the afterburner and then a 

huge exergy of heat loss occurs when the heat of combustion is released. Figure 9.3 (d) 

shows the effect of changing the temperature of the SOFC on the electrical to heating 
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and cooling ratios, both of which exhibit their highest values at a temperature of 1084 

K. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 
 

Figure 9.3 Effect of SOFC temperature on (a) energy efficiency, (b) exergy efficiency, 

(c) exergy destruction rate and (d) electrical to heating and cooling ratios at i  = 0.5 

A/cm2 and r  = 0, Uf = 0.85 
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9.3.1.3 Effect of fuel utilization ratio on energy and exergy efficiencies, exergy 

destruction rate and electrical to heating and cooling ratios 

The increase in fuel utilization results in an increase in the hydrogen consumed 

in the SOFC stack and the production of electricity. Figure 9.4 (a) and (b) show that the 

energy and exergy efficiencies increase with the increasing fuel utilization ratio because 

of the improvement of the SOFC performance in terms of electrical efficiency. In both 

energy and exergy analyses, the change in the net electrical efficiency and cooling 

cogeneration efficiency is slightly lower than the heating cogeneration and trigeneration 

because the fuel utilization also indicates the electrochemical reaction and the amount 

of SOFC exhaust heat. The more the fuel utilization ratio increases, the more heat will 

be generated by the SOFC. The highest net electrical efficiency of 47% was obtained 

with a fuel utilization ratio of 0.93, whereas the lowest net electrical efficiency of 39% 

was obtained at a fuel utilization ratio of 0.73. The trigeneration cycle has maximum 

energy and exergy efficiencies higher than the power cycle at 37% and 17%, 

respectively. Figure 9.4 (c) shows that the exergy destruction in the afterburner strongly 

decreases with increasing fuel utilization because the amount of exergy gradient in the 

flow decreases with increasing amounts of heat. However, the trends of the electrical 

to heating and cooling ratios, as shown in Figure 9.4 (d), are unlike the previous two 

cases shown in Figure 9.2 (d) and Figure 9.3 (d). When the fuel utilization ratio 

increases, the electrical to cooling ratio decreases, whereas the electrical to heating ratio 

increases. This result is because at higher fuel utilization ratios, the heat generation rate 

from the SOFC is higher compared to the increase in power generation, whereas the 

cooling product increases in a lower value. 
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(a) 

 

(b) 
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(c) 

 

(d) 

 
 

Figure 9.4 Effect of fuel utilization ratio on (a) energy efficiency, (b) exergy efficiency 

(c) exergy destruction rate and (d) electrical to heating and cooling ratios at i  = 0.5 

A/cm2, TSOFC = 1073 K, and r  = 0. 
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9.3.1.4 Effect of SOFC anode circulation ratio on energy and exergy efficiencies, 

exergy destruction rate and electrical to heating and cooling ratios 

The effect of the circulation ratio of the anode exhaust gas on the energy 

efficiency, exergy efficiency, exergy destruction and electrical to heating and cooling 

ratios is presented in Figure 9.5 (a)-(d), respectively. In these figures, the circulation 

ratio was varied from 0.2 to 0.5, which was shown to have a minimal effect on the 

efficiencies and the electrical to heating and cooling ratios. It was determined that the 

variation of the net electrical energy efficiency and cooling cogeneration energy 

efficiency was within 1%, which is similar to what was found for the exergy efficiency. 

The electrical efficiency is nearly constant because the useful fuel in the anode recycle 

stream is depleted by previous reactions in the SOFC. The residual gas exiting the 

SOFC anode was found to dilute the fuel-fed SOFC more than enhance the SOFC 

power. However, Figure 9.5 (c) shows that the exergy destruction of the afterburner 

decreases with increasing circulation ratio, as with the changing of the fuel utilization 

ratio; however, the change in exergy destruction of the SOFC was lower with increasing 

fuel utilization ratio. Considering the electrical to heating and cooling ratios shown in 

Figure 9.5 (d), when the SOFC is operated at any circulation ratio, the results do not 

change significantly. The electrical to heating and cooling ratios remain constant, which 

implies that the SOFC circulation ratio has less of an impact on the amount of power, 

heating and cooling compared to other parameters. 
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(a) 

 

(b) 

 

 



 
 

 

148 

(c) 

 

(d) 

 
 

Figure 9.5 Effect of SOFC anode circulation ratio on (a) energy efficiency, (b) exergy 

efficiency (c)  exergy destruction rate and (d) electrical to heating and cooling ratios at 

i  = 0.5 A/cm2, TSOFC = 1073 K, and Uf = 0.85. 
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9.3.2 Exergoenvironmental analysis 

9.3.2.1 Effect of current density on CO2 emission and sustainability index. 

The sustainability index decreases with increased current density as shown in 

Figure 9.6. It implies that the destruction of exergy mainly dominates the increase of 

exergy from input. Figure 9.6 also shows that increasing current density increases CO2 

emission due to the increase of the mass flow rate injected from the afterburner.  

 

 
 

Figure 9.6 Effect of current density on CO2 emission and sustainability index. 

 

9.3.2.2 Effect of SOFC temperature on CO2 emission and sustainability index. 

On the other hand, increasing the SOFC temperature enhances the efficiencies 

and the exergy destruction decreases as presented in Figure 9.3. This is attributed to the 

fact that the increase of temperature promotes the electrochemical reaction in the SOFC 

stack to generate more electrical power. The optimum values of the SOFC temperature 

are shown in Figures 9.7. At the optimum temperature, a decrease in the exergy 

destruction of SOFC is higher than an increase in the exergy destruction of afterburner. 
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Consequently, the total exergy destruction is minimized and sustainability index 

reaches the maximum value. 

 

 
 

Figure 9.7 Effect of SOFC temperature on CO2 emission and sustainability index. 

 

 The exergy destruction in system components is shown in Figure 9.8. The 

highest exergy destruction occurs in the afterburner mainly due to the irreversibilities 

associated with the combustion reaction and the large temperature difference between 

the gases entering the afterburner and the flame temperature. Significant exergy 

destruction can also be noticed in the SOFC, SG and the air pre-heater. To provide 

environmental insights, Figure 9.9 shows that the trigeneration system (including 

cooling application) has less CO2 emission than the SOFC and the combined-heat and 

power cycles, providing a significant motivation for the use of heat from SOFC for 

cooling application as well. It is also observed that the present trigeneration system 

provides higher power output, compared to other types of conventional power plants. 
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Figure 9.8 Exergy destruction in the system components. 

 

 

 

Figure 9.9 Comparison of CO2 emission and power output of different types of plants. 
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 Although the integration of solid oxide fuel cell and absorption chiller is feasible 

in term of technology and is a very promising heat recovery technique, cost is the 

primary constraint on the widespread adoption of absorption chiller systems. 

Absorption systems require greater pump energy than electric chillers. The size of 

condenser water pumps is generally a function of the flow rate per unit cooling capacity. 

Cooling technologies with lower COPs typically require a significantly higher 

condenser water flow rate than those technologies with higher COPs, therefore 

requiring larger pumps. Similarly, absorption chillers require larger cooling tower 

capacity than electric chillers, due to the larger volume of water. However, absorption 

chillers can be quite economical in the right situations, their exact economics must be 

worked out on a project-by-project basis. 

 

9.4 Conclusions 

Energy and exergy analyses of a trigeneration plant based on an ethanol-fueled 

SOFC and absorption chiller are conducted. The results highlight the benefits of 

considering the energy integration of the available heat within the system. In addition, 

energy and exergy analyses have been used successfully to estimate the energy 

utilization and identify the exergy losses which are leading to a better understanding, 

clearer problem situation and more correct use of heat in this trigeneration system. The 

performance of the system was studied under the variation of the SOFC current density, 

temperature, fuel utilization ratio and anode circulation ratio. The main findings in this 

study are as follows: 

 

 The energy analysis of the trigeneration plant shows that there is at least a 

32% gain in efficiency compared to the power cycle only (electrical net 

efficiency). The maximum energy efficiencies of the trigeneration, heating 

cogeneration, cooling cogeneration, and net electricity are 96%, 94%, 59% 

and 53%, respectively. 

 The exergy analysis of the trigeneration plant shows that there is a gain of 

approximately 10% in efficiency compared to the power cycle only 

(electrical net efficiency). The maximum exergy efficiencies of the 
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trigeneration, heating cogeneration, cooling cogeneration, and net electricity 

are 64%, 63%, 55% and 53%, respectively. 

 All of the examined efficiencies continuously decrease as the current density 

increases, except for a constant decrease in the cell voltage. Unlike the 

change in the SOFC temperature, the efficiencies increase as a result of the 

dissimilar behaviors of the voltage loss components.  

 The SOFC circulation ratios have less impact on the amount of power, 

heating and cooling compared to other parameters. However, the change in 

the fuel utilization is more sensitive to the amount of trigeneration product 

as observed in the significant change of the electrical to heating and cooling 

ratios. 

 The most significant sources of exergy destruction rates are the afterburner 

and SOFC. This is partly due to the nature of the combustion process 

associated with the chemical reaction and heat transfer across the large 

temperature. Therefore, further improvements in designing these 

components also need to be considered. 

 The operation of the investigated double-effect absorption chiller is 

unchanged. Therefore, this conclusion is relatively limited to its conditions. 

 In an exergoenvironmental analysis, solid oxide fuel cell systems for heating, 

cooling and electricity generation has been performed to provide useful insights in 

terms of heat recovery and environmental aspects. The results show that system 

efficiencies, exergy destructions, the amount of CO2 emission and sustainability index 

are notably affected by operating current density and SOFC temperature. The 

afterburner and SOFC are the two main components with the high exergy destruction 

while the use of absorption chillers offers effective heat recovery with the lowest exergy 

destruction of the whole system. In addition, chilled water generation from absorption 

chillers in the trigeneration system is one of the best heat recovery strategies that exhibit 

lesser CO2 emissions than other types of conventional power plants. 
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