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The demand for energy is continuously increasing due to the gmwth of the world 

population and the development in modern technologies. However, the sources of 

energy are limited and going to be shortage in the near future. The~?fwe, the renewable 

and clean energy is an urgent and crucial issue. Sold oxide fuel cell (SOFC) is one of 

promising technologies. It can convert chemical energy of a fuel d i  to dectrkty 

with high efficiency and, therefore, is considered as a ckmn energy gemrator which 

reduces green house gas emission to environment. In addition, fuel flexibility is the 

greatest advantage of SOFC as compared to other types of fuel cell. 

Various krek can be fed to SOFC, such as ammonia, methane, biogas, 

methanol, ethanol, etc. Ammonia can be used as the fuel for SOFC because it can 

decompose into hydrogen and nitrogen. Therefore, it is a good hydrogen carrier and is 

carbon-free (Zhang and Yang, 2008). However the major energy carrier in the nature is 

hydrocarbons so we can not evade to using these fuels. Methane might be an 

alternative fuel that can be used because it is the simplest hydrocarbon fuel. It has a 

lower probability for coking which is one of the important pmbkms m fuel cell (Hao and 

Goodwin, 2008). Moreover biogas can also be used because it mainly contains methane 

and carbon momxick ( S h i  et al., 2008) but it has a major problem about the 

deposition of carbon on the catalyst. Methanol have been used m many researches 

because of many good regsons such as ease of handling, tmnsporWon and storage, 

clear and renewable source that can be dewived from aH fossil resowee, agricultural 

byproducts and biomass (Liu et al.. 2008). 

Nowadays biomass-derived fuel has &&acted considerable attention. Bbethanol 

is one of the promising renewable fuels for fuel cells. It is non-toxic and easy for storage 



and transportation. In order to operate the SOFC, bibethanol is first purified to a deshsd 

ahQnsl concentration and then converted to hydrogen-rich gas before being fed into the 

S9FC system. 

There are a number of possible choices for bioethanol purification processes. 

The mast widely used is the conventional distillation. Wassana Jamsak et al. (2007) 

repwted that a solid oxide fuel cell integrated with a distillation dumn  can be operated 

w i w t  demanding an additional heat source. Pervaporation is one of the interesting 

teohnelagies for bioethanol purification. Since it is independent on the vaporniquid 

equilibrium but only depends on the difference in transporktion rate of individual 

cempenents through a membrane. Moreaver, there are a number of research focusing 

on improvement of membrane for alcohol separation. 

According to the masons mntioned atme, this research was. hence, focused 

en the performance analysis of d i d  oxide fuel cell system fuelled by bioethad for 

elecbicity generation. The performance includes power density, area of SOFC stack, 

total SBFC stack heat generation and ekctfical effciency. In addition, the effects of 

openling parameters for both the SOFC system and the purification processes were 

also studied. Particular interest is on the comparison of SOFC system performance 

between two cMfmnt bioethanol purification processes; i.e. 1) conventional distillation 

and 2) pervaporation. The best system can be selected by comparing the highest 

electrical efficiencies achievable from the hno systems with different bioethanol 

puri i t isn processes. 



CHAPTER I1 

THEORY 

2.1 Fuel Cell Principle 

2.1.1 Basic Principle 

A fuel cell is an electrochemical conversion device that relies upon a continuous 

feed of a fuel to produce DC electricity and, as by-praduces, heat and waW. Fuel cells 

are unique in terms of the Mtiety of their potmtial appltcstians; it am pmMe energy for 

systems as large as a utility power stgtian and as small as a laptop computer. A cell 

contains an anode, a cathode and an electroiyte layer, with a typical system being 

shewn in Figure 2.1. The electrolyte allows the passage of the ions, wtrilst the negatively 

charged electrons pass around an external circuit, thus creating an electric current. At 

the interface with the electrodes, the reactions take place during which water and heat is 

preduced. 

4 

C drlc dmit - 
L w . Ana 4 oxygen 

F i i  2.1 The schematic digram of fuel cell 



2.1.2 Fwtl CeW Components 

2.1.2.1 Electrolyte 

The electrolyte is a material that allows the passage of the ions from one 

electrode to the other. The electrolyte material is high ion conductivity, I- dectrical 

conductivity and thermal stability. The specific type of material depends on the type of 

fuel cell. 

2.1.2.2 Anode 

The anode of state-of-the-art SOFCs is a cermet made of metallic nickel and a 

YSZ skeleton. The anode has a high porosity (2040%) so that mass tramport of 

reactant and product gases is not inhibited. 

2.1.2.3 Cathode 

Similar to the anode, the cathode is a porous structure that must aHow rapid 

mass transport of reactant and product gases. Strontiumdoped lanthanum manganite 

(L%,Sr,,,,) MnO,, a p-type semiconductor, is most commonty used for the cathode 

material. 

Apart from these base components, the fuel ceH also contains current collectors, 

interconnects and manifolds. 

2.1.3 Types of Fuel Celk 

There are a number of different types of fuel cells. 

- Alkaline fuel cells (AFCs) 

- Direct methanol fuel cells (DMFCs) 

- Molten carbonate fuel cells (MCFCs) 

- Phosphoric acid fuel cells (PAFCs) 



- Proton-exchange membrane fuel ceils (PEMFCs) 

- M i d  oxide fuel cells (SOFCs). 

Apart from DMFC, which is technically a subset of the polymer electrolyte 

membrane fuel cells, others are named after their electrolyte type. Table 2.1 shows the 

summary of fuel cell types and their present characteristics. 

Tabk 2.1 Summary of fuel cell types and their present characteristics (Appleby and 

Feulkes, 1993) 
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2.1.4.2 Disadvantages 

- Fuelling fuel cells is still a problem since the production, transportation, 

distribution and storage of hydrogen is diicult. 

- Reforming hydrocarbons via reformer to produce hydrogen is technically 

challenging and not clearly environmentally friendly. 

- The refueling and the starting time of fuel cell vehicles are longer than in 

a "normal" car. 

- Generally, fuel celk are Wtfy bigger than comparable batteries or 

engines. However, the size of the units b decreasing. 

- The production of fuel cdl is expensive. 

- The technology is not fully developed and few products are milable. 

2.2 Solid Oxide Fuel Cell 

2.2.1 Operating Principie 

There are two types of elecPrdytes which are possible for SOFC operatian; 

namely, a proton conducting electrolyte and an oxygen ion conducting ektolyte. 

Because of the difference in type of mobile ion, the reactions occurring at the elecbodes 

are also dierent as shown in Figure 2.2 

The electrochemical reaction in the SOFC-H+ 

Anode: 

Cathode: 

Overall : 



The electrochemical reaction in the SOFGO*' 

Anode : &+O2-= &0+2e' 

Cathode : 02+ 2e' = 0'- 

Overall : 2H2 + O,= 2H20 

L 

Cathode 

Anode Cathode 

Fgure 2.2 Basic principle of SOFC operation (a) SOFC-H+ (b) ~ 0 ~ ~ 0 2 ~ -  

In the case of SOFC-H', hydrogen molecules at the anode separate into proton 

ions and electrons. The proton ions mwe across the electrolyte and remct with oxygen 



mel~cules at the cathode. The steam is then produced at the cathode. In contrast, for 

the SOFC-O~-, the species that pass through the electrolyte is oxygen ion which 

generate from the oxygen molecules at the cathode gain electrons from the current 

circuit. The oxygen ion is then reacted with the hydrogen molecules at the anode and 

the electrochemical reaction takes place generating the steam. 

2.2.2 Reforming Process 

When SOFCs are operated with a fuel, such as hydrocarbon and alcohol, three 

mode6 of operation are possible. 

- External reforming SOFC (ER-SOFC) 

- Indirect internal reforming SOFC (IIR-SOFC) 

- Direct internal reforming SOFC (DIR-SOFC) 

The configurations of three modes are shown in Figure 2.3. 

Far ER-SOFC operation, the steam reforming reactions and the electrochemical 

reactians are operated separately in the different units and there is no direct heat 

transfer between both units. Therefore, the reformer unit requires high energy for the 

endetherrnic reaction. On the other hand, the steam reforming reaction and the 

methermic reaction are operated together in a single unit for both IIR-SOFC and DIR- 

WFC. Therefore, heat transfer between the reformer and SOFC is available. 

Fw IIR-SOFC, the reforming reaction occurs nearby the cell stack then the heat 

transfer from the fuel cell chamber to the reformer is available. However, there is only 

some part of heat can be utilized since the heat transfer rate is limited. In case of DIR 

operatien, the reforming reaction takes place at the anode of the fuel cell. Heat and 

steam released from the electrochemical reaction is effectively used for the endothermic 

Merming reaction since both processes take place simultaneously at the anode. 

Therefore, in term of energy aspect. DIR-SOFC is more attractive than the others. 



H20 + External Anode side 
c H 4  Reformer 

Air u 

Air I I 

Figure 2.3 The configurations of SOFC modes (a) ER-SOFC (b) IIR-SOFC (c) DIR-SOFC 

2.2.3.1 Open circuit voltage 

Open circuit voltage (OCV) is the maximum possible voltage that can be 

a c h i i  when are operating at a specific condition. Due to different concentration of 

components between the anode and the cathode, this causes different potential at the 

anode and cathode and results in OCV of the cell. OCV drives electrons from one 

electrode to another and generates current 



2.2.3.2 Losses 

Though the OCV is the theoretical m i m u m  possible voltage, the actual voltage 

of SOFC is always less than the theoretical value due to presence of losses. Losses can 

be divided into four types. 

a) Activation Loss 

Activation loss is the loss which occurs from electrochgmical reectisn at the 

electrodes. Some energy is required as activation mmgy fw regction, 

e.g. adsorption of reactant on the electrode surface and desorption of product out of the 

surface. Generally, activation loss dominates at low current density and the 

characteristics curve also exhibit non-linear. However, at the high operating temperature 

like SOFC temperature, the rate of this step is very fast, resulting in small value of 

activation losses. The linear characteristics curve can be observed. 

b) Ohmic Loss 

Ohmic loss is a major loss in the SOFC stack when compared to other losses. 

Ohmic loss resub from the resistance of flow of electrons through the electrodes and an 

interconnector and the resistance of flow of ion passing through an electrolyte. 

c) Fuel Crossover or Internal Current Loss 

Normally, an electrolyte should transport only ions through the cell and no fuel 

cross wer the electrolyte. However, fuel crossing through an electrolyte or electrons 

balcing to an eiectdyte is possible. Generally, fuel crossover loss is very small. 

d) conambation Loss 

Concentration loss is caused by the large reduction in concentration of fuel or 

oxidant when operating SOFC at high current density or high fuel utilization. The 

difference between the concentration of gas in the bulk and the concentration of gas on 



the electmh surface causes this type of Isss. At lower fuel utilization and current 

density, concentration loss is very small. 

2.3 Ethanol Steam Reforming Reaction 

Thermodynamic aspects of ethanol steam reforming have received a fair amount 

of attention in the published literature. The reaction is strongly endothermic and 

produces only H, and C02 if ethanol reacts in the most desirable way. The bask 

reaction scheme is as follows: 

However, other undesirable products such as CO and CH, are also usually 

formed during the reaction. Aupretre et al. (2005) have discussed the main reactions in 

ethanol steam reforming that account for the formation of these by-products: 

Other reactions that can also occur are: ethanol dehydmgenation to 

acetaldehyde (2.10). ethanol dehydration to ethylene (2.11), ethanol damnposition to 

C02 and CH, (2.1 2) or CO, CH, and H, (2.1 3). 



Acetaldehyde and ethylene are important intermediates that may be formed 

during reaction even at relatively low temperatures well before the formation of H, and 

COX by reactions (2.7) and (2.8). 

In addition, the formation of coke on the surface of the catalyst is also not 

uncommon. Coke formation may occur as p r  the following Boudouard reaction: 

Y 4  -+ polymers + coke 

From the thennodynamic standpoint, since reactCon (2.7) is endothemtic and 

m d t s  in increase in number of moles, increasing the temperature and lowering the 

pressure k in favor of ethanol reforming. 



The water gas shift reaction (2.16) always takes place due to the presence of 

CO. 

2.4 Pervaporation Process 

2.4.1 Basic Prindple 

The pervaporation process to separate liquid mixtures is shown schematically in 

Figure 2.4. A feed liquid mixture contacts one side of the membrane; the permeate 

stream is removed as a vapor from the other side. Transport through the membrane is 

induced by the vapor pressure difference between the feed solution and the permeate 

vapor. This vapor pressure difference can be maintained in several ways. In the 

laboratory, a vacuum pump is usually used to draw a vacuum on the permeate side of 

the system. 

Feed Retentate 

I Vapor 1 * 
+ 

Condenser I Vacuum pump 

Liquid t b 

Permeate 

Figure 2.4 The schematic diagram for pervaporation process 



2.4.2.1 Permeability 

The phase change of the permeating species is one of the most different 

features of pervaporation. Based on the sdutiincliffusion model, the flux equation can 

be written as: 

where the permeability coefficient of the membrane with respect to the driving force 

expressed in terms of partial vapor pressure (Pi) is related to the solubility coeffcient (S) 

and the diffusivity coefficient (D) as illustrated in Eq. (2.20) 

In the pervaporation process, when the permeate pressure Co,) is kept as low 

value, Eq. (2.17) can be expressed as: 

and the permeation rate can be expressed as 

Q, = <Act 



The permeability in Eq. (2.1 7) - (2.19) is defined as: 

P, = D,S, 

The temperature dependence can be expressed as Eqs. (2.21) - (2.22). respectively. 

Thus, the permeabthty can be written as the foNuwing equation. 

2.4.2.2 Membrane separation factor 

Membrane separation factor is defined as the ratio of the mole fractions of 

ampommB A and B in the permeate and feed sides as follow: 



2.4.3 Membrane for Ethanol Recovery 

Many membrane materials have been studied for the purpose of recovering 

ethanol from water. Table 2.2 shows some of the membranes that were used for ethanol 

recovery in the pervaporation process. 

Vane (2005) reviewed that the current benchmark hydrophobic pervaporation 

membrane material is poty(dimethyl siloxane) [PDMS], often referred to as 'silicone 

rubber' which is an elastomeric material. Much effort has been expended searching for 

polymeric materials with better ethanokrvater separation performance than PDMS. 

Unfortunately, seldom materials been reported to improve upon PDMS. 

While no organic membrane has yet to chalbnge PDMS as the benchmark 

hydrophobic pervaporation membrane material, inorganic membranes based on 

hydrophobic zeolites have shown both higher ethanokvater separation factors and 

ethanol fluxes than PDMS membranes. Since it is very costly and difficult to manufacture 

the defect-free commercial-scale silicalite-1 membranes then several groups have 

investigated the potential of mixed matrix membranes consisting of silicalite-1 particles 

dispersed in PDMS. The performance of these mixed matrix materials is dependent on 

the loading of silicalite-1, size of the particles, source of silicalite-1 and membrane 

casting conditions. The increased performance characteristics with I i i  cost increase 

have led to the interest in mixed matrix membrane materiats. Table 2.3 shows the 

alcohol-water separation factors reported m the litemlure for silicame-PDMS mixed 

matrix membranes. 



Table 2.2 Membranes used for ethanol recovery in pervaporation process and its performance. 
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2.4.4.2 Hydrophilic membranes 

The largest industrial installations of pervaporation are equipped with hydrophilic 

membranes and used for the removal of water from organic solvents and solvent 

mixtures. 

- Solvent dehydration 

The most important solvents to be treated are the light alcohols, esters, 

ketones and ethers. The final water concentrations to be reached vary between 1% to 

below 500 ppm for the alcohols and to below1 00 ppm for ethers. 

- Removal of water from reaction mixtures 

In many chemical reactions like esterification, acetalisation, ketalisation, or 

etherification water is produced as an unwanted by-product The equitibriurn reaction is 

of the form: 

Remwal of the water from the mixture will shift the reaction equilibrium to 

the side of the wanted product. 

- Organic-organic separation 

The separations of real organic-organic mixtures have still been to 

developed and introduced into industrial application. However, specific modification of 

hydrophilic membranes can be used to remove the light alcohols methad and ethanol 

from their mixtures with other organics. The selectivity of these membranes is not that 

high as in dehydration processes, but sufficient for effective and economical large scale 

industrial application. 





centent. From the thermodynamic aspects this is unfavorable choice due to high carbon 

menoxide content and the need of anhydrous ethanol feed, which is costly in 

prduction. In case of auto-thermal reforming, no strong effect on the hydrogen and 

carbon monoxide formation at temperatures below 873 K and wer the whole =-ratio 

range and it can reduce the coke-fmation and energy demand for the reforming 

precess. Total energy demand is of the wder POX > ATR > SR. 

ZtPang and Yang (2008) investigated the direct ammonia solid oxide fuel dl 

based on thin proton-conducting electrolyte to avoid the formation of NO,. At the anode, 

pretons are generated and transported through the proton-conducting electrolyte to the 

cathode and react with surface oxygen ions generated electrochemical reaction. Only 

nitragen and water are the chemical products. The maximum power density was 147 

and 200 m ~ c m "  at 873 and 923 K. When test with hydrogen fuel, the maximum power 

density was 172 and 223 m ~ c m '  at 873 and 923 K, respectively indicating that 

ammonia can be treated as a substitute liquid fuel for SOFCs. 

The fuel cell efficiency and fuel utiliiation of a methane-powered singledamber 

solid oxide fuel cell as a function of operating parameters including flow rate, fuel-to- 

exygen ratio, fuel cell layout and balance gas was studied by Hao and Goodwin (2008). 

They found that when using slow flow speed, high efficiency and fuel utilization can be 

achieved, but the depletion of fuel and oxygen by the upstream portion of the d l  is also 

serious, resuthg in a low total power. On the other hand when using fast flow speed, the 

local power density at the dowmtmm part of the cell increases sigMkmUy and the 

total power is boosted, but the amount of the unspent fuel also ifmeams 

with the flow speed, resulting in a low efficiency and fuel utiiimtbn. h order to s o h  this 

pnblem they operated the fuel cell under optimum fueUmygen ratio and with highly 

diffusive babnce gas including rotating the dl, reducing the gas chamber width or 

increasing the length of the single cell but the efficiencies are found nut as effective. 

However, the maximum achievable efficiency of a single-cell SCSOFC is above 10% 



and the efficiency at typical operating conditions is above 5% significantly higher than 

the reported 1 % in literature. 

Shiratori et al. (2008) researched on the direct feeding of real biogas generated 

in a methane fermentation reactor to SOFC by using Ni-ScSZ cermet as an anode 

material. They found that cell voltage above 0.9 V was stably obtained over 50 h at 

1273 K (200 m~cm-') without carbon deposition. They also revealed that the direct- 

biegas SOFC operated at 1273 K is tolerant to 1 ppm level H,S contamination. 

The direct liquid methanol as the candidate fuel for solid oxide fuel cell was 

studied by Liu et al. (2008). They chose the traditional fuels such as hydrogen, 

ammonia, methane and ethanol for comparison. The results demonstrates that when 

using methanol as a fuel, no coking was detected on anode after running about 160 h 

but when the cell operated with methane and ethanol as fuek exhibit severe 

degradation. The researchers explained this from the kinetic factors that molecule 

structures of these three substances possess quite different characteristics. The G O  

bend in methanol easily reacts with oxygen ions from cathode to form CO,. In another 

hand, the H,O and CO, formed ftom the anode reactions during the cell operation can 

suppress the carbon formation. Besides, Ni-based anode is a good catalyst to break 

CH,OH d i d y  into CO and H,, which are the right fuels for SOFC. In CH,, however, 

there is only C-H bonds that coking is possible if C-H bonds break into C and H, on the 

Ni catalysis but no sufficient 0- to react with. While in the case of ethanol molecule, the 

situation would be surely more severe due to the existence of C-C bonds. Moreover, the 

cell performances with methanol, humidified H, and ammonia as fuels at the same 

temperatures are also tested and compared. The result showed that the performances 

of cell fuelled with methanol are lower than hydrogen but higher than ammonia. The 

d i f fe rem in performance of the cells are related to the different process of the three 

fuels 'mohred at anode side, which can be explained by the AC impedance 

specmcopy. 





cerresponding performances of this design are 40.8%, 54.3%, 0.221~cm" for overall 

electrical efficiency, Combine Heat and Power (CHP) efficiency and power density, 

respectively. 

3.3 Membrane for EtbnoWater Separation in Pervaporation 

One of the most important tasks for pervaporation is to dewlap membranes with 

high flux and high selectivity. Therefore, there are a 1st of research studied and 

improved the effective membrane for pervaporation. Gu et al. (2009) developed the 

membrane from silicalite-filled polyether-block-amid (PEBA) membranes far sepacatisn 

ef ethanslhnrater mixtures. In this study, silicalite was added in order to improve the 

selectivity towards ethanol by improving the hydrophobicity of the membrane. It was 

feund that when a silicalite content is 2.0 wt %, both permeation flux and separation 

factor reached a maximum value, 833 glm2h and 3.6, respectively. Moreover when the 

feed concentration and temperature increase, both separation factor and total flux also 

increased. This result shows the opposite trend with the literature study that selectivity 

decreases with increasing feed temperature. It can be explained by the fact that the 

activation energy of ethanol was a little higher than that of water which implies that the 

erganic permeation flux is more sensitive to the increase of temperature compared to 

that of water permeation flux, so the permeation of ethanol increase faster than that of 

water then the separation factor increase. 

The multiple-layer composites membranes with an alternating siliconeIPVDF1 

silicone configuration were prepared by Chang and Chang (2004). This membrane was 

tested over the entire composition range of ethanolhater mixtures in pervaporation 

processes. The separation factor of the composite membrane increased with increasing 

the thickness of the active silicone layer whereas the permeation flux follows a reversed 

order. The results indicated that this membrane gave the best performance with a 

separation factor of 31. permeation rate of 0.9 kg/m2 h and PSI of 27,900 at a 10 wt.% 



ethanol feed concentration. This membrane demonstrrsled superb pervaporation 

performance comparing with traditional membranes that had only one active 

permseletive layer. 

Fadeev et al. (2003) immtigated the pervaporation recovery of ethanol from 

yeast fermentation broth using poMl-(khWhyMtyl)-1-pmpyne] (PTMSP). They found 

that the deterioration of mMSP pmqmatb perftmmme in the presence of 

fermentation broth is caused mady by facPors ather than physicgl or chemi i  aging or 

d e p o s i t i o n o f d k o n h P T M S P ~ n e ~ . I t ~ ~ t t r a t f r e e v d w n e o f  

the fouled PTMSP membrane was occupied with the highty9wbing and tow volatility by- 

products of the fermentation bmth, most likelywith dlais. T h @ ~ ~ ~ r m t ~  

appreciable deterioration of membrane propsrties tn the pmmpm&m of aqwcm 

sokrtion of organic compounds with high volatility. The ethend sqmatim faeW rS 19.9 

and the pernation ftux is about 300 g/rn2 h. 

Lin et al. (2003) studied the preparation of silicalite membrane related to 

membrane separation properties focusing on in situ crystallization to prepare highly 

selective silicalite membranes on porous tubular supports by a single hydrothermal 

treatment. The membrane separation properties were contrdled by synthesis conditions 

such as seeding, temperatures, supports, and silica sources. The results shaw that the 

better silicalite membranes, specifically, higher separation selectivities, were prepared 

by in situ crystaliization using the colloidal silica. The highest ethanoMer separation 

factor was 106 with a flux of 0.9 kg/m2h for a feed concentration of 5 wt% ethand at 

333 K. 

Highperfonname silicalite-1 membranes were synthesized via two-step in-situ 

hydrothermal synthesis on novel porous silica tubes by Chen et al. (2007). Improving the 

separation performance of silicatifie-1 membranes was achieved by filling supports with 

mixed sobtion and aging before crystallization. After repeated calcinations, silicalite-1 

membrane synthesized on silica support showed thermal stability, which suggested that 

silica supports were more suitable to prepare high-performance silicalite-1 membranes. 



Permeation flux and separation factor towards ethanohvater mixture at 333 K were 0.56 

kg/m2-h and 84, respectively. 

3.4 SOFC modeling. 

In order to simplify the study, there are a lot of research used the programs to 

simulate and set up the experimentation. Ni et al. (2008) developed an electrochemical 

model to study the methane (CH,) fed solid oxide fuel cell (SOFC) using proton 

conducting electrolyte (SOFC-H) and oxygen ion conducting electrolyte (SOFC-0). The 

result reveals that the actual performance of the CH, fed SOFC-H is considerably lower 

than the SOFC-O, partly due to higher ohmic overpotential of SOFC-H which difference 

from the previous thermodynamic analyses. The anode concentration overpotentials of 

the CH, fed SOFC-H and SOFC-O are found to decrease with increasing temperature, 

which is different from previous analyses on the H2 fed SOFC. The difference between 

this study and the previous study is due to the fact that H2 is produced in the CH, fed 

SOFC via methane steam reforming (MSR) and water gas shift (WGS) reactions increase 

with increasing temperature, more H, can be produced at elevated temperatures, and 

as a result, leading to higher H2 molar fraction and lower concentration overpotentials. 

They also found that the microstructure of the SOFC needs to be carefully optimized to 

attain the minimize electrode total overpotentials. 

Arteaga et al. (2008) simulated and evaluated the bioethanol processing system 

to feed a 200 kW sdid oxide fuel cell. The general scheme of the process is composed 

of vaporization, heating, bioethanol steam reforming (ESR) and SOFC stages. The 

performance pseudo-homogeneous model of the reactor, consisting of the catalytic ESR 

using a Ni140, catalyst, has been developed based on the principles of classical 

kinetics and thmodynamics through a complex reaction scheme and a Lagmuir- 

Hishehood kinetic pattern. The resulting model is employed to evaluate the effect of 

several design and operation parameters on the process such as tube diameter, 



catalyst pellets diameter, temperature, space time and waterlethanol molar ratio. It can 

be concluded that higher waterlethanol ratio (RE = 5:1) and temperatures (above 773 

K) favors hydrogen yield (Y, = 4.1) and selectivity (S, = 91%). At temperatures above 

773K and RE > 6, the reforming efficiencies exhibit a plateau because of the 

thermodynamics constraints of the process. 

Arteaga-Perez et al. (2009) also studied the simulation and heat integration of a 

solid oxide fuel cell by using Pinch technology to design the heat exchanger network of 

an ethanol fueled SOFC system. The system and fuel cell efficiencies are studied under 

different process conditions, temperature, water to ethanol molar ratio and fuel utilization 

coefficient. The SOFC off gases are mixed and fed to an afterburner providing heat to 

the process. Two heat exchanger networks were designed being demonstrated that 

when the fuel utilization coefficient in the SOFC is 80%. the reforming reactor 

temperature is 823 K and the ethanol to water molar ratio is 1:5.5 then the auto- 

sustainability condition is reached. 

Piroonlerkgul et al.. (2008) investigated the suitable reforming reagents for 

biogas fed SOFC systems which are programmed in Visual Basic. The system 

configuration divided into three main systems namely, SOFC using steam as the 

reforming agent (steamfed SOFC), SOFC using air as the reforming agent (air-fed 

SOFC) and SOFC using both air and steam as the reforming agents (co-fed SOFC). It 

was found that steam is considered to be the most suitable reforming agent as the 

steam-fed SOFC ( 4 0 :  biogas = 1.2, CH4:C0, in btogm = 60:40 and fuel processing 

temperature = 873 K) offers much hfgher power density than the air-fed SOFC (air: 

m a s  = 1.6, CH,:CO, in biogas = 60:40 and fuel processing temperakwe 1073 K) 

although its electrical efficiency is slightly lower due to the high energy requirement in 

the steam generation. In the case of the co-fed SOFC (H,O: bmgas = 0.8, air: biogas = 

2, CH4:C02 in bibgas = 60:40 and fuel processing temperature 973 K), the power 

density can be improved but the electrical efficiency becomes lower compared with the 

case of the air-fed SOFC. The biogas split option was considered in order to improve the 



electrical efficiency of the steam-fed SOFC. It was found that a higher electrical 

efficiency can be achieved (overall electrical efficiency = 59%). 



CHAPTER N 

MODELLING 

This chapter presents all of the simulation models and calculation procedures for 

both two different purification processes and the SOFC system. ~ s ~ e n ~  Plus program 

was used to simulate the purification process in order to find the optimal operating 

conditions that require the minimum energy consumption. For the SOFC system, the 

performance analysis was evaluated by visual basic program. 

4.1 B i a n o l  Purification PmceSS 

The amount and compositions of bioethanol was based on 1,000 kg of cassava 

chips which is the raw material in this research (Leng et. al., 2008). Since ethanol is the 

main composition in the fermentation broth then in order to simplify the calculations, the 

solution is assumed to contain only ethanol and water. 

The schematic diagram of this model is shown in Figure 4.1. The distillation 

column module that used for the simulation was the Radfrac rigorous equilibrium stage 

distillatiin equipped with a partial condenser and a kettle boiler. The minimum heat duty 

can be obtained by adjusting the number of stages, feed stage, reflux ratio and distiltate 

rate for the designed ethanol recovery and purity. The bottom stream may be partially 

mixed W-WI the distillate stream to W i n e d  designed concentration of ethanol. 

The mixing solution was heated up to the reformer temperature by the heater 

which operate at the temperature of 1023 K and pressure of 1 atm (Wassana Jamsak et 

al., 2007) before being fed to the external reformer and the SOFC system. The energy 



msumption for distillation process composes of eondenser duty, reboiler duty and 

heater duty. It was assumed that the power consumption was neglected due to the less 

power use for distillation compare to the peivaporation process. 

25 ado! 
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Figure 4.1 The schematic diagram of purification m e s s  by distillation 

4.1.2 Psrvaporation Process 

The schematic diagram of the pervaporation process is shown in Figure 4.2. The 

pervaporation of bioethanol solution was carried out at 333 K (Chen et al., 2008) with 

two different level of permeate pressure i.e. 0.1 and 0.05 atrn. The permeate stream 

purity depends on the separation factor of the membrane. Therefore, the operating 

conditions can be obtained by adjusting the separation factor of the membrane. After 

that the energy and power consumption that required for bioethanol purification to the 

designed ethanol recovery and purity was calculated. As mentioned earlier, retentate 

stream may be partially mixed with the permeate stream to obtained 25 mol% ethand 

concentration. Since there is the high different level of temperature between two streams 



then the retentate stream was preheated to the same temperature as the permeate 

stream before mixing. After that the mixing stream was heated up to the reformer 

temperature (T = 1023 K) before being fed to the external reformer and the SOFC 

system. 

To nfeaer 
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3.16 ET aol% EtOH / w - Vacuum pump 
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Figure 4.2 The schematic diagram of purification process by pervaporation 

The calculation procedure for this process can be divided into two main parts as 

mass balance and energy balance equations. 

4.1.2.1 Mass balance equations 

All of the involved variables are expressed in Figure 4.3. The correlation 

equations are as follow: 



Y P P  Recovery = - 
xFF 

Retentate 

I Rsxl 

Figwe 4.3 The involved variables for mass balance equation 

I 

4.1.2.2 Energy balance 

Feed w 

F, XF 

From Figure 4.2, the total energy required includes the energy for pervaporation 

unit, heater 1 heater 2 and the power consumption for vacuum pump. The energy 

consumption for heater 1 and heater 2 can be obtained from the simulation using 

~ s ~ e n ~  Plus program. The energy for pervaporation unit and the power consumption for 

vacuum pump can be calculated by the following equations. 

Permeate 

- Petvaporation unit 

i p, YP 



- Vacuum pump 

In this research, ttw efficiency of the vacuum pump was assumed to be 75%. 

The outlet gas temperature of vacuum pump and the power consumption can be 

estimated by using Eqs. (4.6) and (4.7). respectively. (Kaneko et al., 2006) 

where y = -  c p  
C p - R  

4.2 The SOFC system modelling 

This research applied the SOFC modeling from Pakom Piroonlerkgul et al., 

(2007) to analyze the performance of SOFC system integrated with two different 

purification processes. The SOFC system modeling have been verified with the 

experimental results of Zhao et al., (2005) and Tao et al., (2005) at the high 

concentration of hydrogen in feed (mole fraction of hydrogen = 0.97) and also verified 

with the experimental results of Petruni et al., (2003) at the low concentration of 

hydrogen in feed (mole fraction of hydrogen = 0.26). It was found that the simulation 

results showed good agreement with those from the literatures. 

The schematic diagram of SOFC system is shown in Figure 4.4. The system 

composes of the external reformer, SOFC stack, aftethrner, heater and cooler. It should 



be noted that although the OlR opetab7 pf@&M the Rigtrest efkdteness in term of 

energy aspect but the route to prod- in the cornmercfal applications is very 

complex. Therefore, the ER- -3s -in fhe study. 

The 25 md% conoentration af effranol from the purification pmcess was fed to 

the external reformer which was simulated by kpenm plus program and the calculation 

was based on phase and c h m M  tXpMbhm. In order to shnplify the tztbMbm, the 

reformer was assumed to operate isothermally and the outlet gas reaches its qdfibrium 

composition. After that the reformed gas which assumed to contain only 6 components 

i.e. H, CO,, CO, H20, CH, and C&OH were fed to the anode chamber while excess air 

(500%) was preheated and introduced to the cathode chamber of the SOFC stack. The 

electrochemical reactions as iflustrated in Eqs. (4.9) and (4.10) take place in the SOFC 

stack and the unreacted fuel was bwnt in the afferbwner which was assumed to obtain 

the complete combustion. The exhaust gas was cooled and discharged to the 

environmental at 403 K. 

Air 

Heater 

Cathode 

F- prrrllidClon - - - 
9 

Figure 4.4 The schema& diagram af the SOFC system 



For SOFC stack, the Ni-YSZ, YSZ and LSM-YSZ were used as the materials for 

the anode, electrolyte and cathode respectively. Since the H, electro-oxidation is much 

faster than CO electro-oxidation then it was assumed that only hydrogen ions reacted 

with oxygen ions and the gas compositions at the anode are always at theirs equilibrium 

along the cell length. 

The electrochemical model and the calculation procedures are expressed as the 

following section. 

4.2.1 Eledrochemical Model 

4.2.1.1 Open circuit voltage 

The open circuit voltage (a can be calculated from the Nemst equation as 

expressed in Eq. (4.1 1) 

The actual celi potential (V) is always less than the open circuit voltage (E) owing 

to the existence of the averpotentials as shawn by Eq. (4.1 2) 



The overpotentials are divided into three types: ohmic overpotential (q,,,,,J, 

activation overpotential ( v ~ )  and cwIcenbatCon mmpdeMal (q-) which can be 

explained as below 

The ohmic overpotential is the resktmx of the etectron to flow ttmKlgh the 

&trades, ir-Wcmnections and electrolyte. This ovap&dd k the major loss of the 

SOFC stack which can be calculated from Eq. (4.13) 

- Activation overpotential 

The activation overpotential occurs from the e i e c m  reaction at the 

electrodes. NonnaHy, the activation overpotential domies at low cment densty but at 

hlgh temperatwe, the reaction rate is very fast then this vakte is smzrlf. TMs omp&mM 

can be expressed by the Butb-Vohner eqcmtbn. 

In case of SOFC, the value of a and z m 0.5 and 2 respectwely. Consequentfy, 

mactivatiOn-atanodeandwsidecanbewrittmas: 



The exchange current density (id fbr the c&&e and anode side can be 

calcutated from these two equatbm: 

- Concentration overpotential 

The concentration owpdmtial is the loss due to the different concentration of 

gas between the bulk and the reaction site. It can be estimated by eqs. (4.18) and (4.19) 



Eq. (4.25) shows the relation betwen effective parameter ( D d  and nominal 

parameter (D): 



The correlation below is used to calculate the Knudsen diffusivity: 

The Chapman-Enskog equation is used for calculating the ordinary diffusivity: 

where a, and flD can be calculated from the following equations. 

where T, is equal to T/ E, and A. C, E and G are constants for each gas. 

The overall efficiency of the system can be computed by Eq. (4.30): 



The overall pammtws used h h.1 am summarized in Table 4.1. 

Table41 S u m m a r y o f r n o d e l ~  

Paramel meters 

In order to calculate the c m n t  and the area of the SOFC stack, the SOFC stack 

was separated into the smatl region which has equal fuel utilization as shown in Figure 

4.5. 
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Figure 4.5 The SOFC stack area separation for the calculation 
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The calculation procedures are as follow 

4.2.2.1 Define the final fuel utilization and operating voltage. The fuel utilization 

step size is 0.01. 

4.2.2.2 The electrochemical calculation performs using the sets of equations 

shown in section 4.2.1. Open circuit voltage (E) is initially computed. Afterward, the 

current density is estimated until the difference between E and the total overpotentials is 

equal to the operating voltage (V). 

4.2.2.3 The SOFC area of this fuel utilization region is calculate from the following 

equation 

The calculations are recomputed until the value of U, reached the final fuel 

utilization. Then the current density ( 0 ,  the power density (pJ and the total electricity 

(We) are calculated employing Eqs. (4.32), (4.33) and (4.34), respectively. 



The flow chart of the program calculation procedure is shown in Figure 4.6 

i, 
and W, 

Figure 4.6 The flow chart of the program calculation procedures 



CHAPTER V 

RESULTS AND DISCUSSION 

5.1 The optimal operating cond ins  for b i i n o l  purification 

In this section, the optimal operating conditions that require the minimum energy 

consumption for two different purification processes (i.e. distillation and pervaporation) 

were investigated. The total heat and electrical power consumption for both distillation 

and pervaporation processes were determined by following the details described earlier 

in the modeling section. The results are discussed below. 

5.1 .I Distillation 

As mentioned before, the heat consumption for purification can be obtained by 

varying the involved parameters, i.e. ethanol purity in the distillate stream, ethanol 

recovery, the number of column stage and f e d  stage. Figure 5.1 shows the heat 

consumption for distillation unit as a function of the number of column stage. It can be 

seen that less heat required when operates at more number of stages. When increasing 

number of stages, the heat consumption dramatically decreases initially at lower number 

of stage and reduces steadily; however, the more number of stages mean that more 

capital cost for distillation column is needed. 

It was found that there is a suitable ethanol purity for the purification which 

requires the minimum total heat consumption. For example, from Figure 5.2 with ethanol 

recovery of 90%, the purification to 35 mol% concentration of ethanol requires less total 

heat consumption. Therefore, it is worthy to use these conditions for the distillation 

column. The optimal operating conditions for different ethanol recoveries are 

summarized in Table 5.1. The results show that when the distillation column operates in 

order to achieve the higher ethanol recovery, more heat is required. 
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Figure 5.1 Effect of ethanol purity on the heat consumption (Q) for distillation column 

(Ethanol recovery = 90%) 

Figwe 5.2 Effect of the ethanol purity on the total heat consumption (QJ for distillation 

column (Ethanol recovery = 90%) 



Tam 5.1 The total heat consumption and the optimal operating conditions for 

bibethanol purification by distillation process 

31 flow E 

low rate 

For pervaporation, the vacuum pump was installed in order to reduce the 

operating pressure at the membrane permeate side. Two different pressures at the 

permeate side were investigated, i.e. 0.1 and 0.05 atrn. The total heat and electrical 

power consumption can be calculated by varying the separation factor and the ethanol 

recovery. The effect of separation factor on the ethanol pwffy at permeate stream and 

the permeate flow rate is shown in F i  5.3. tt was found €hat f h m  is the minimwn 

separation factor for bibethanol purification to achieve a desired ethanol cmcm&Mon 

(25 mol%). From Figure 5.3, when the separatkm factor irmeases, the ethanol purity at 

permeate stream also increases white the pem?eate flow rate decreases. The permeate 

flow rate reduces dramatically at the beginning and steadily reduces after the 

separation factor of about 200. For the effect of ethanol recovery, the permeate flow rate 

increases with increasing the ethanol recovery since more ethanol is recovered at high 

recavery than that at low recovery. 
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Figwe 5.3 Effect of the separation factor on the ethanol pwity at permeab stmm and 

the permeate flow rate 

Figure 5.4 shows the effect of the separation factor on the total heat (Qa and 

electrical power consumption (We. a. It can be seen that when the separation factor 

increases, the heat consumption increases significantly particularly at low separation 

factors and then gradually increases at higher separation factors. The opposite trend 

was observed for the electrical power consumption. This is because the electrical power 

consumption depends on the flow rate of the permeate which continuously decreases at 

higher Pacton due to the higher ethanol purity achieved, and therefore, 

higher amount of heat is demanded to preheat water in the retentate for mixing with 

purified ethanol to obtain the reformer feed at a desired ethanol concentration (25 

mol%). It should be noted that in order to compare the energy requirements for the 

opemtkm at different values of ethanol recovery and permeate pressure, the 

mgmbrane separation factor was kept at the value that provide the permeate ethanol 

purity near 25 mot%. 
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Fgure 5.4 Effect of the separation factor on the total heat (Q,) and electrical power 

consumption (We, ,) (Permeate pressure = 0.1 atm) 

The optimal operating conditions for two different pressures at the permeate side 

are summarized in Table 5.2. It can be seen that the lowering of pressure at the 

permeate side offers lower heat consumption and higher electrical power consumption. 

This is because when the system operates at low permeate pressure, the temperature of 

the permeate stream is higher than that at the high permeate pressure (see Eq. 4.6) and 

hence the heat consumption for preheating the permeate stream to the reformer 

temperature decreases. In case of the electrical power, the lowering of pressure at the 

permeate side offers higher electrical power consumption since it requires more 

electrical power for vacuum pump operation. 



T a w  5.2 The total heat and electrid power consumption and the optimal operating 

conditions for bioethanol purification by pervaporation process (25 mol% of ethanol) 

5.1.3 Comparison between dktillation and pervaporation 

Pe 
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Table 5.3 shows the total heat and elecMcal power consumption between 

distillation and pervaporation processes. It was found that pervaporation process 

requires less heat consumption than distillation process but R requires the additional 

electrical power for vacuum pump operation. Moreover, the lowering of pressure at the 

permeate side requires the higher ehtrical power consumption because it requires 

more electrical power to generate less pressure. 
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Table 5.3 The total heat and electrical power consumption comparison between 

distillation and pervaporation process 
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5.2 Performance of SOFC system at the base corrdition 

In this section, the effect of the operating conditions such as voltage, 

temperature, fuel utilization and ethanol recovery on the performance of the SOFC 

system, i.e. power density, area of SOFC stack, heat of the SOFC stack (GI-), the net 

useful heat ( Q d  and electrical efficiency at the base condition have been investigated. 

5.2.1 Effect of operating voltage 

Figure 5.5 represents the effect of operating voltage and fuel utilization on the 

power density, area of SOFC stack, electrical efficiency and net useful heat (Q,) which 

is the difference between the exothermic heat (SOFC stack and afterburner) and the 

endothermic heat (heaters and reformer) of the SOFC system. 

From Figure 5.5(a), it can be seen that at all values of fuel utilization, the power 

density decreases when operating at the higher operating voltage while the area of 

stack increases. Therefore, the operating voltage should not be too high because it 

requires the larger area of SOFC stack and more cost consumed. 



Fig. 5.5 Effect of operating voltage and fuel utilization on (a) the power density 

and the area of SOFC stack and (b) the electrical efficiency and the net useful heat (QJ 

(Ethanol recovery = 80%, Temperature = 1073 K) 

At low operating voltage, there is the higher heat generation from the SOFC 

stack. This leads to the lower overall electrical efficiency as shown in Figure 5.5(b). In 



addition, operating at low fuel utilization remains more umeacted fuel exiting the SOFC 

stack which is burnt in the afterbwner and produce more combustion energy to 

compensate heat loss. Then net useful M (Q,J in the SOFC system at low fuel 

utilization operating is higher than that a4 high fuel utilization. However, operating at high 

fuel utilization obtained the higher oVglripll e l e c ~ I  dficiency since there is more 

hydrogen to react. 

The effect of operatmg tenpmtwe ki shown in Figwe 5.6. S h x  the htgher 

power density can be obtained when chmmchg tdd resWmce and it was found that 

total resistance decreases when operating at htgh tempeatwe. This leads to obtain the 

higher power density at high operating temperature whiid'l is shOwn in Figwe 5.qa). On 

the other hand, the area of SOFC stack decreases when the operating t-e 

increases. It was found that the area of SOFC stack dramatically decreases when the 

operating temperature increases from 873 to 973 K and slightly decreases after 973 K. 

It is clear that the operating temperature has no effect on the overall ektrical 

effcktcy at any fuel utilization as illustrated h Figure 5.6(b). It was found that atthough it 

requires more heat energy for increasing the fuel temperature but after the hot gas left 

from the SOFC stack and was burnt and cooled down, the heat energy was recovered. 

Therefore, the temperature has no effect on the power and heat energy hence the 

overall electrical efficiency of the SOFC system is constant. As mentioned earlier, higher 

fuel utilization provides more hydrogen to react then the overall electrical efficiency is 

higher than that at low fuel utilization. It can be seen that heat of the SOFC stack ( Q d  

decreeses as operating temperature increases. However, operating at high temperature 

may damage the physical property of the SOFC component though it requires less area 

of SOFC stack as seen in Figure 5.6(a). Therefore, it should be better not to operate the 

system at too high operating temperature. From the results, it is worthy to note that the 

dev-nt of the cell components is very important task. 
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Figure 5.6 Effect of the operating temperature and fuel utilization on (a) the power 

density and the area of SOFC stack and (b) the overall electrical efficiency and heat of 

the SOFC stack (Q-) (Ethanol recovery = 80%. Voltage = 0.7 V) 



5.2.3 Effect of ethand recovery 

Figure 5.7 presents the effect of ethanol recovery on the overall electrical 

efficiency and the net useful heat (Q,). At high ethanol recovery and fuel utilization, 

more ethanol is fed to the SOFC system hence the overall electrical efficiency increases 

as shown in Figure 5.7. Similarly, the net useful heat (Q,) also increases as the ethanol 

recovery increases. In addition, there is more unreactd fuel to be burnt and to 

compensate the higher heat demanded at low fuel utilization. Therefore, the net useful 

heat (QJ at low fuel utilization is higher than that at high fuel utilization. 

Ethand recovery (96) 

Fig. 5.7 Effect of the ethanol recovery and fuel utilization on the overall electrical 

efficiency and the net useful heat (Q,) (Voltage = 0.7 V, Temperature = 1073 K) 



5.3 Performance of SOFC integrated with two d ' i n t  pwifwxtion processes 

This section investigates and compares the performances of the SOFC systems 

integrated with the different purification units (i.e., a distillation column and 

pervaporation). The results are discussed below. 

5.3.1 Performances at the base conditions 

The operating temperature and the energy requirement for all important units in 

the SOFC system integrated with the distillation process and pervaporation process at 

the base conditions are shown in Figure 5.8 and Figure 5.9 respectively. For the SOFC 

system integrated with the distillation process (Ethanol recovery = 80%, Voltage = 0.7 V, 

C,, ,, = 40 mol% and Fuel utilization = 70?6), the system achieved the electrical 

power (WJ of 3,792 MW. The net useful heat (QJ which is the difference between the 

exothermic heat (cooler and afterburner) and the endothermic heat (heaters and 

reformer) of the SOFC system is -1,818 MW. This indicates that the exothermic heat is 

not enough to supply all the required heat units. Therefore, an external heat source is 

required. 

In case of the SOFC system integrated with the pervaporation process (Ethanol 

recovery = 80%, Voltage = 0.7 V, C,, = 25.7 mol%, Separation factor of the 

membrane = 49, Fuel utilization = 7W0, Permeate pressure = 0.1 atm), the electrical 

power (WJ of 3.761 MW is achieved. Moreover, the system requires the additional 

electrical power for vacuum pump operation hence the net electrical power ( W e d  of the 

system is 3,308 MW. It can be seen that the electrical power (WJ is slightly lower than 

that in the SOFC system integrated with the distillation process. However, when 

considering the net useful heat (QJ, it was found that the net useful heat (Q,) of this 

system is 383 MW. This results show that there is some extra heat left from the system 

and the system can operate without requiring the external heat source. 
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Figure 5.8 Energy and temperature for various units in SOFC system integrated with 

distillation process (Ethanol recovery = 80%, Voltage = 0.7 V, C,, ,, - - 40 mol%, 
't 

Fuel utilization = 70%) 

Figure 5.9 Energy and temperature for various units in SOFC system integrated with 

pervaporation process (Ethanol recovery = 80%. Voltage = 0.7 V, C,, -, = 25.7 

mol%, Separation factor = 49, Fuel utilization = 70%, Permeate pressure = 0.1 atm) 



The effect of the operating voltage on the net useful heat (Q,J for the SOFC 

system integrated with distillation and pervaporation processes at fuel utilization equal to 

70%. 80% and 90% are illustrated in Figure 5.10, 5.1 1 and 5.12 respectively. It can be 

seen that there are energy self-sufficient condition at which Q,, is equal to zero. It 

indicates that the system can operate without the requiring of external heat source and 

at this condition; it achieves the maximum electrical efficiency. Therefore, the 

performance of the SOFC system integrated with two different purification processes at 

QM equal to zero were investigated in the next section. 

Fgure 5.10 Effect of operating vdtage on the net useful heat in distillation and 

pervaporation process at the base condition (Fuel utilization = 70%) 





5.3.2 The appropriate operating w n d i i  for SOFC system integrated with the 

purification process (Q, = 0) 

The performances of SOFC system integrated with a distillation column and 

pervaporation processes were investigated and compared. The integrated system was 

operated at the net useful heat (Q,J equal to zero conditions because, as mentioned 

earlier, it achieves the maximum electrical efficiency for the overall system without 

requiring the external heat source. The excessive heat from the SOFC system can 

supply to the purification units which require the energy. The influence of the operating 

conditions for the SOFC system such as operating voltage, operating temperature and 

ethanol recovery on the performances of the SOFC system was investigated. 

Figure 5.1 3 indicates that when the operating voltage is between 0.5 and 0.8 V, 

the area of SOFC stack starts to increase gradually and dramatically increases at the 

operating voltage greater than 0.8 V. In contrast, both of the heat of SOFC stack (B-) 

and the power density increase with increasing the operating voltage. Although the heat 

of SOFC stack decreases when the operating voltage increases but the appropriate 

operating voltage should not be too high because of the less power density obtained at 

the high operating voltage. Similarly, the operating voltage should not be too low 

because of more heat generate from SOFC stack (Q-). 

The effect of operating temperature is illustrated in Figure 5.14. It was found that 

the area of SOFC stack dramatically decreases when the operating temperature rises 

from 873 to 973 K and reduces gradually after 973 K. Moreover, the heat of SOFC stack 

(QA decreases with increasing the operating temperature while the power density 

increases. Therefore, the operating temperature should not be too low because it may 

cause the excessive heat generated in the SOFC stack which can directly damage the 

therrnophysical property of the cell components and it also requires more area of SOFC 

stack. However, too high operating temperature is not recommended because of the 

limited of the SOFC components' material and the complicated control system for the 

operation. 
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F i  5.13 Effect of the operating voltage on (a) the heat of SOFC stack (Qd and the 

area of SOFC stack and (b) the power density and the area of SOFC stack (Ethanol 

recovery = 80%. Temperature = 1073 K) 
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Figure 5.14 Effect of the operating temperature on (a) the heat of SOFC stack (asc) 
and the area of SOFC stack and (b) the power density and the area of SOFC stack 

(Ethanol recovery = 80%, Voltage = 0.7 V) 



For the effect of ethanol recovery, the overall electrical efficiency increase with 

the increasing of ethanol recovery as shown in Figure 5.15. Although at the higher 

ethanol recovery, the required energy for the purification system rises but the amount of 

ethanol provided to SOFC system increases. Consequently, the overall efficiency is 

higher when increasing the ethanol recovery. However, for distillation, the overall 

electrical efficiency at high ethanol recovery is almost constant. This is because at the 

higher ethanol recovery, more energy required in distillation system causes the SOFC 

system to operate at lower fuel utilization in order to leave the more unreacted fuel to 

bum and compensate the higher demand heat. 

It can be seen that the SOFC system integrated with pervaparatian unit provides 

higher electrical efficiency than that integrated with distillation calumn unit. Furthermore, 

the lowering pressure at the membrane permeation side offers slightly lewer electrical 

efficiency than the other case. However, it should be noted that the area ef SOFC stack 

in case of pervaporation is higher than that for distillation. Therefore, it is recommended 

that the economic evaluation should be done for both s stems. 

Ethanol recovery (94) 
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Figure 5.15 Effect of the ethanol recovery on the overall electrical efficiency and the 

area of SOFC stack (Voltage = 0.7 V, Temperature = 1073 K) 



CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

The SOFC system integrated with two different purification processes, i.e. 

distillation and pervaporation were studied. f 3 i i n o l  was wed as a fuel for the system 

as it is an interesting retnewabb fuel that /S mm-tuxk, easy for stwage and 

transportation. In case of the ptdk&m process, it was fsund that the pwtlication by 

pervaporath t2cNmmd less l w m t m  m 1 W * - m .  Fwww?f, ttR9 

additional ekddcd pmm k fMW-- @Mvp 

pervaporation pmces, the pmmab p%Wwe d 0.7 h d  0.tB dlth 

The results indicated that the lowering pressure at the pemeak side W 

consumption and mom dectrical power consumption. 

For the SOFC system integrated with the purification process, the influence of 

operating conditions such as voltage, temperature and ethanol recovery on the SOFC 

performances was presented. The result showed that the system can operate in an 

energy sM-sufficient mode by adjusting the operating parameters. The optimal 

operating conditions at Q, equal to zero conditions were that the operating voltage was 

between 0.65 and 0.80 V and the operating temperature was in the range from 973 to 

1173 K. Moreover, for pervaporation, the maximum weran electrical efficiency was 

archived when the ethanol recovery was equal to 99% but it requires the higher 

separation factor of the membrane which is 923. However, the area of the SOFC stack 

also increased as the ethanol recovery increased. In case of distillation, the maximum 

overall electrical efficiency at high ethanol recxwery operation was nearly constant due 

to the increasing of energy demand for the distillation unit hence the optimal ethanol 

recovery was 95%. It was found that the SOFC system integrated with pervaporation 
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APPENDIX A 

THERMODYMIC DATA OF COMPONENTS 

TABLE A1 Heat capacities of various components (CJ 

TABLE A2 Heat of formation ( H; ) and entropy ( S O )  of various components at standard state (298 

K, 1 atrn) 

Components 

CH4 

CO 

c02 

"z0 

H2 

N2 

O2 

C 

c/? = a  + b ~ + c f  +& +e?[~lmo1] 

a 

1.702 

3.376 

5.457 

3.470 

3.249 

3.280 

3.639 

2.063 

d (lo3) 

0.000 

-3.100 

-1.160 

12.100 

8.300 

4.000 

-22.700 

-1 .NO 

b (lo4) 

90.800 

5.570 

10.500 

14.500 

4.220 

5.930 

5.060 

5.140 

e 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

c (lo-6] 

-2.164 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 



APPENDIX B 

DETERMINING GIBBS ENERGY AND EQULlBRlUM CONSTANT 

B1. Determining Gibbs energy (G) at any temperature 

Calculation by these equations: 

Take integration to the equation above: 

T 

where H,(T) = H; + jcp61. 
298 



8.2 Determining the equlllkium consht (K) 

GT = RTlnK 

Rearrange the equation: 



APPENDIX C 

LIST OF PUBLICATION 

lssara Choedkiatsakul, Kanokpom Sintawarayan, Tanya Prawpipat, Apinan 

Sootfintawat, Wisitsree Wiyaratn, Worapon Kiatkittipong, Arnomchai Arpomwichanop, 

Navadol Laosiripojana, Sumittra Charojrochkul and Suttichai Assabumrungrat, 

Performance assessment of SOFC system integrated with bio-ethanol production and 

purification process, Engineering Journal 13,4 (2010) : 1-14. 



VITAE 

Miss lssara Choedkiatsakul was born in September 5, 1985 in Chumphon, 

Thailand. She received her Bachelor's Degree in Chemical Engineering (I* class 

honors), fTM the Department of Chemical Engineering, King Mongkut's Institute of 

Technology Ladkrabang in 2008. Merward, she continued studying Master degree of 

Chemical Engineering, Chulalongkom Unhemiity since, June 2008. 


	Cover (Thai) 
	Cover (English) 
	Accepted 
	Abstract (Thai)
	Abstract (English) 
	Acknowledgements 
	Contents
	CHAPTER I IN TRODUCTION
	CHAPTER II THEORY
	2.1 Fuel Cell Principles
	2.2 Solid Oxide Fuel Cell
	2.3 Ethanol Steam Reforming Reaction
	2.4 Pervaporation Process

	CHAPTER III LITERATURE REVIEW
	3.1 Fuels Used in SOFC and the optimal Operating Conditions
	3.2 Distillation Process Integrated with the SOFC System
	3.3 Membrane for EthanolMlater Separation in Pervaporatio
	3.4 SOFC modeling

	CHAPTER IV MODELLING
	4.1 Bioethanol Purification Process
	4.2 SOFC System Modelling

	CHAPTER V RESULTS AND DISCUSSION
	5.1 The optimal Operating Conditions for Bioethanol Pumcation
	5.2 Performance of the SOFC System at the Base Condition
	5.3 Performance of the SOFC System Integrated with Two DiierentPurification Processe

	CHAPTER VI CONCLUSIONS AND RECOMMENDATIONS
	6.1 Conclusion
	6.2 Recommendation

	References 
	Appendix 
	Vita

	Button1: 


