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  CHAPTER I 
 

INTRODUCTION 

 
The rapid g rowth of  e conomy leads t o a h igh demand of  energy especially 

electrical p ower in order to  s upport its e xpansion. Nevertheless, pow er generation 

systems at present are mainly based on low-efficiency combustion heat engines which 

have substantial losses of energy during many energy conversion stages (Douvartzides 

et a l., 2003). According to this reason, one  choice of interest is fuel ce ll technology 

because i t c an fulfill t he requirement of bot h e ffective a nd c lean pow er ge neration 

unit. It converts the chemical ene rgy of hydr ogen f uel directly into electrical power 

and releases steam as a harmless product. Solid oxide fuel cell (SOFC), one type of  

fuel cel ls, has offered many a dvantages, f or e xamples, f lexibility of  various f uels 

usage, heat recovery cogeneration, fast kinetic rate and internal reforming. In addition, 

SOFC can reduce em issions of  greenhous e g as and air pollutants c ausing serious 

environmental impacts. 

 

 Selection of  appropriate fuels for fuel cell is a cr ucial i ssue. Fuels should be  

ecological friendly a nd de rived f rom sustainable e nergy r esources. In c ontrast, non-

renewable fossil f uels should be a voided. Renewable biofuel is a vailable f rom 

agricultural products and suitable for countries which have strong agriculture sector. 

Several renewable fuels have be en us ed f or fuel c ell such as m ethane, methanol, 

biogas, e thanol and ammonia. A ll of t hese fuels can be reformed into hydr ogen-

containing gas. Methane i s an attractive choi ce f or f uel cel l be cause of  its high 

hydrogen t o c arbon r atio ( Naidja et al ., 2003). Ammonia i s another c hoice since it 

releases zero-carbon emission (Zhang and Yang, 2008). Biogas has been widely used 

because it consists of 40-65 mol% methane (Dayton, 2001) high enough to be directly 

used as a fuel but biogas is based on source scales, normally small-scale, it may be an 

inconsistent r esource. However, i t i s inevitable t hat us ing these f uels m ay face the 

problem of carbon deposition when SOFC is operated. Plenty of solutions have been 

undergone to solve this problem. A simple method is to adjust proper ratio of related 

compositions or operating conditions to avoid boundary of carbon formation.  
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  Among the various biofuels, bioethanol is a particularly promising fuel due to 

a num ber of  be nefits: hi gh hyd rogen c ontent, a vailability, non -toxicity, ease of  

handling and s torage (Meng N i e t a l., 2007 ). Moreover, bioethanol can be de rived 

from va rious biom ass sources suc h as suga r cane  m olasses, lignocelluloses an d 

agroindustrial wastes (Comas et al., 2004) by f ermentation processes. The net carbon 

dioxide e mission from bioethanol ut ilization is lower t han f ossils ( Arteaga-Perez., 

2009) because of its carbon-closed cycle. However, bioethanol contains mainly water 

and di lute e thanol. In o rder t o be  an e ffective f uel f or a fuel cel l, water must be 

removed from bi oethanol by pur ification to obt ain a  h igher e thanol c oncentration 

which is later reformed into hydrogen rich gas for feeding into SOFCs. 
 

 There are seve ral choices f or purification processes such as distillation, 

adsorption, membrane etc. In previous w ork, t he S OFC s ystems i ntegrated with 

distillation was exa mined (Jamsak et al., 2007) . I t was found t hat t he systems ha ve 

somewhat l ow e lectrical e fficiency due  to l imitation of  hi gh reboiler he at du ty 

consumption. Adsorption unit seems to be a low energy consumption system but this 

unit faces the problem in using plenty of adsorption agents when i t operates at large 

scale. It is difficult to regenerate adsorption agents and to achieve high recovery yield 

of e thanol (Chang et al ., 1998). Pervaporation membrane separation is an interesting 

choice. As the pervaporation does not depend on thermodynamic equilibrium, i t can 

avoid t he a zeotropic pr oblem occurred with ethanol/water sys tem. It also requires 

lower e nergy c onsumption c ompared w ith a di stillation because pe rvaporation relies 

on t he d ifferent ability of each substance which a dsorbs and di ffuses through 

membrane material. Although some problems may occur with pervaporation such as 

high capital cost, thermal instability and short l ife t ime, in the energy point of  view, 

SOFC systems produce both electricity and thermal energy. Installing a pervaporation 

can reduce burden of SOFC unit in case of distributing much thermal energy supplied 

to purification unit. Instead of heating the separation unit, excess thermal energy can 

be taken to another added power cogeneraton (combined heat and power, CHP) units 

like turbine and recuperator to increase the overall efficiency of SOFC systems. 
 

 From the reasons mentioned above, this research is emphasized on efficiency 

analysis of  s olid ox ide f uel ce ll sys tem f ed by bioethanol i ncorporated w ith 

pervaporation unit. Firstly, Selection of appropriate pervaporation membrane type for 
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the ove rall system i s i nvestigated. A fter obt aining a su itable m embrane t ype of 

pervaporation, a performance of  the overall system i s further improved by i nstalling 

vapor pe rmeation a s a n extra separation uni t after pervaporation. The a ppropriate 

membrane t ype f or va por pe rmeation is a lso i nvestigated t o s erve a n opt imal 

efficiency of t he sys tem. The el ectrical efficiencies of t he s ystem before a nd a fter 

installing vapor permeation are compared. Finally, SOFC system integrated with the 

proposed purification process is compared with the use of ordinary distillation column 

to clearly show its performance improvement.    
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CHAPTER II 
 

THEORY 

 
2.1 Fuel Cell  
 

2.1.1 Fundamental Principle 
  

 A fuel cell is an electrochemical reactor where the chemical energy of fuel gas 

is di rectly converted into electricity (D C), heat and water. It c onsists o f three main 

parts, a  c athode ( positive e lectrode), an anode ( negative e lectrode) separated by a n 

electrolyte. It ha s a  current col lector which is connected between two electrodes 

through a n external c ircuit (load). W hen connecting the c ells t ogether in a stack, 

interconnect plates are used for separating between a cathode of a cell and an anode of 

the next cell (Minh, 1993). The diagram of a fuel cell is schematically shown in Figure 

2.1. Unlike the conventional batteries, fuel cell does not require recharging and can be 

operated as long as both fuel and oxidant gases are fed into the electrodes. The oxidant 

gas is fed to the cathode side while the fuel is fed to the anode side releasing electrons 

from a hydrogen oxidation reaction. Electrons pass through an external circuit, whilst 

the ions transfer across the electrolyte. The products from this reaction are water and 

heat. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 The general diagram of a fuel cell 

Anode  

 

 

Cathode  

Electrolyte 

Hydrogen fuels 

Oxidant gases 

Load 
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2.1.2 Components of Fuel Cell 

 

 A f uel c ell f undamentally c ontains major components of electrolyte, cathode 

and a node as s hown i n F igure 2.1 . When the cel ls a re st acked together, extra 

components i.e. interconnect and separator plates are required. The required properties 

for each component are the followings: 

  

 2.1.2.1 Electrolyte 
 

 Electrolyte, an ion conducting media, performs as a  carrier medium of either 

oxide-ion or proton. The preferred materials for electrolyte are: 
 

- Low e lectronic c onductivity –electrolyte w ith high e lectronic c onduction 

can cause higher voltage loss. 

- High ion conductivity 

- High mechanical and thermal strength. 

- Low gas leakage through an electrolyte  
 

2.1.2.2 Anode/Cathode electrode 
 

For an anode electrode, high electronic conductivity is required for transferring 

electrons because the reaction occurred on the anode side is oxidation which normally 

releases electrons. The materials m ust have thermal e xpansion c ompatible with 

electrolyte and interconnector. Tolerance to impurities in fuel gas is needed for anode 

materials and it a lso should ha ve a cat alytic property which is es sential f or a fuel 

oxidation reaction (Fergus, 2006).  
 

The reduction reaction of an oxidant gas occurred on t he cathode to complete 

its mechanism. The required property for the cathode is high e lectronic conductivity 

typically in term of  e lectron receptor. The material us ed i n c athode s hould c ontain 

sufficient porosity for gas transport and structural stability during operation. Also, it is 

less reactive at the vicinity of the electrolyte and interconnector. 
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2.1.2.3 Interconnector 
 

The role of  interconnector i s to separate between the ce lls which are stacked 

together. The required properties are: 
 

- High electronic conductivity 

- Structural stability and chemical resistance during operation  

- Thermal expansion matching with other components 

- Chemically c ompatible w ith electrolyte a nd i nterconnector at ope rating 

conditions  

  

2.1.3 Types of Fuel Cells 
 

 There are several types of fuel cells categorized by electrolyte materials which 

are r elated with a node fuels a nd o perating t emperature. The cha racteristics of  t hese 

fuel cells are shown in Table 2.1. 

 

Table 2.1 Characteristics of different types of fuel cells  
 
 

Fuel Cell 

Type 

 

Electrolyte 

Operating 

temperature 

(K) 

 

Fuel 

 

Oxidant 

 

Efficiency 

(%) 

 

AFC 

Potassium 

hydroxide 

 

323-473 

 

H2

 

O , Hydrazine 2

 

50-55  ,air 

 

DMFC 
Proton-exchange 

membrane 

 

333-393 

 

CH3 OH, H2

 

OO 2

 

40  ,Humid 

air 

 

PAFC 
Phosphoric acid 

 

433-483 

 

H

 

O2 2

 

40-50  ,Air 

 

MCFC 

Molten salts i.e. 

carbonates, 

nitrates 

 

903-923 

 

H2 ,CO, CH

 

O4 2 , CO2

 

50-60 , 

Air 

 

PEFC 

Hydrated 

Polymeric Ion 

Exchange 

Membranes 

 

323-353 

 

H

 

O2 2

 

40-50  , Air 

 

SOFC 

Fluorite 

(Ceramics) 

 

873-1273 

 

H2 ,CO, CH

 

O4 2

 

45-60  , Air 
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Fuel cells have been used for several applications. The appropriate selection of 

these f uel c ells depends on power requirement i n e ach us age, appropriate s ize f or 

using areas, operating temperature in term of energy supply. Portable fuel cells such as 

Alkaline Fuel Cell (AFC), Polymer Electrolyte Fuel Cell (PEFC), and Direct Methanol 

Fuel Cell (DMFC) have been applied for mobile phone, vehicle, laptop, and electronic 

devices. For s tationary fuel ce ll namely Phosphoric Acid Fuel Cell ( PAFC), Molten 

Carbonate F uel Cell (MCFC), a nd S olid O xide F uel C ell ( SOFC) are suitable f or 

medium-to-large power generation.  

 

2.1.4 Advantages and Disadvantages of Fuel Cell 

 

Apparently, hydrogen based fuel cell becomes a versatile power generator, releasing 

both he at a nd e lectrical pow er, that is s uperior t o c ommon pow er ge nerations. 

Nonetheless, fuel cells at the present time are still l imited in usages due to facing of 

competitive manufacturing cost and short-life time. 

 

2.1.4.1 Advantages 
 

• Higher e fficiency t han c onventional combustion heat engines. B ecause of  

direct e nergy c onversion a nd no m oving pa rt i n t he e nergy c onverter, s o i t 

reduces the energy losses in fuel cells.   

• Without bur ning f uels, f uel c ell releases onl y w ater a nd help r educe the 

emission of NOx, SOx

• Fuel cells can be used in various fuels apart from fossil fuels. The flexibility of 

fuels takes fuel cells away from limited energy resources.   

 and particulates to atmosphere.  

• Silent operation owing to a lack of moving parts. 

• Convenient to supervise since fuel cells mostly consist of stationary parts. 

• Able to be an unattended/remote operation.  

  

2.1.4.2 Disadvantages 
 

• Alternative fuels i.e. methanol, biogas and methane require reforming process. 

During reforming stages, it i s pos sible that t his proc ess c an release po lluted 

products via utilizing hydrocarbon feeds. 
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• Technology is  s till a t a level of  de velopment. F or e xample, pow er de nsity 

obtained from fuel cell is limited and required further improvements if fuel cell 

is to compete in portable and automotive applications.   

• High m arket e ntry c ost, l ess c ompetitive c apacity than conventional power 

generations.  

• Operational te mperature c ompatibility, durability unde r s tart-stop c ycling 

concerns. 

• Almost no i nfrastructure to s upport fuel cell t echnology i .e. fuel s torage, 

transportation. 

 

2.2 Solid Oxide Fuel Cell 
 

 Solid oxide fuel cell is made of rigid ceramics as electrolyte. This material help 

SOFC alleviate any corrosion problems from poisonous substances usually occurred in 

the polymer electrolyte. On the other hand, its tolerance benefits various fuels usage. It 

operates at high temperature about 873-1,273 K. Due to high temperature operation, it 

is not necessary to use expensive noble metal as a cat alyst and also enhance the fuel 

reforming within the cell at the anode side. This reduces the complexity of system and 

capital cost for installing an external reformer. However, operating at high temperature 

leads to slow energy distributed startup and short-life of SOFC structural material.  
 

2.2.1 Principle of SOFC operation 
  

 Generally, SOFC ope ration c an b e di vided into two types of  e lectrolyte; 

namely, O xygen ion c onducting e lectrolyte a nd P roton c onducting electrolyte. The 

main difference between these electrolytes is the location of water formation produced 

from fuel cell occurs in opposite cell sides as shown in Figures 2.2 and 2.3  
 

The electrochemical reaction of the SOFC-H+ 

 

Anode : 2H2 =       4H+  +  4e-   (2.1) 

Cathode : O2  +  4H+  +  4e-
      =       2H2O  (2.2) 

Overall :  2H2   +  O2 = 2H2O   (2.3) 
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Figure 2.2 Operational principle of SOFC-H+ operation 

 

The electrochemical reaction of the SOFC-O2- 
 

Anode : H2  +  O2-  = H2O  +   2e-  (2.4) 

Cathode : 
1
2

O2  +  2e- = O2-   (2.5) 

Overall : 2H2  +   O2 = 2H2

 
Figure 2.3 Operational principle of SOFC-O

O   (2.6) 
 

2- operation 
 

2.2.2 Characteristics of SOFC 
 

 2.2.2.1 Open circuit voltage 
 

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

out w hen operated at a spe cific condition. Because of  d ifferent con centration of 

components be tween anode and cathode si des, this causes different po tential at the 

anode and cathode and results in OCV of the fuel cell. Electrons were moved from an 

electrode to another one and the current was generated.     

Load 

Anode Cathode Electrolyte 

H2 O2 

H2O 

e- 

e- e- 

O2- O2- 

O2- 

Load 

Anode Cathode
 

Electrolyte 

H2 

O2 

H2O 

e- 

e- e- 

H+ H+ 

H+ 
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 2.2.2.2 Polarizations 
 

 Although the OCV is the theoretical maximum ideal voltage, the actual voltage 

of S OFC i s le ss than the  the oretical vo ltage va lue. Owing to the pre sence of  

polarizations, polarizations can be classified into four types as follows: 
  

a) Activation Polarization 
 

 Activation Polarization is the polarization which occurs from electrochemical 

reaction a t the e lectrodes. S ome e nergy i s r equired to o vercome e nergy ba rrier a s 

activation energy for e lectrochemical r eaction, i .e. a dsorption of  r eactant on t he 

electrode s urface a nd de sorption of  pr oduct out  of  t he s urface. N ormally, a ctivation 

polarization dominates at low current density regions and the characteristics curve is 

non-linear. H owever, a t hi gh t emperature ope ration of  S OFC, t he rate-determining 

step is ve ry fast r esulted in small va lue of  activation polarizations. T he l inear 

characteristic curve can be noticed.  
 

b) Ohmic Polarization 
 

 Ohmic polarization results f rom t he re sistance of  ions  flow within the 

electrolyte and resistance of electrons flow through the electrodes. Ohmic polarization 

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

c) Fuel Crossover or Internal Current Polarization 
 

 Typically, an e lectrolyte should permit only ions t ransported through the cell 

and no fuel cross over the electrolyte. Although fuel crossing through an electrolyte or 

electrons leaking to a n e lectrolyte is pos sible, the fuel c rossover l oss is ve ry sm all 

amount.   
 

d) Concentration Polarization 
 

 Concentration pol arization i s c aused by c oncentration i n f orm of  p artial 

pressure in porous electrode region reduce more than bulk gas outside this region. This 

phenomenon occurs when SOFC operates at high temperature or high fuel utilization. 

The gr adient be tween t he c oncentrations in e ach r egion c auses this type o f 
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polarization. A t low er c urrent de nsities a nd f uel ut ilization. The c oncentration 

polarization is very small. 
 

The overall characteristics of SOFC are summarized as shown in Figure 2.4   

 

 
 

Figure 2.4 Schematic of ideal and actual voltage in a fuel cell (Kakac et al., 2007) 

 

 

2.2.3 Reforming operation of SOFC 

 

 SOFC can be fed with va rious fuels apart f rom pure hydrogen i .e. methanol, 

ethanol, biogas. However, these fuels have to be reformed into hydrogen before being 

fed to SOFC. There a re t hree m odes for S OFC r eforming ope rations; E xternal 

Reforming ( ER), I ndirect Internal R eforming (IIR), and Direct Int ernal Reforming 

(DIR). Each type of reforming operation is schematically shown in Figure 2.5 
 

 

      a)  

                                                  

 

   

Fuel 
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     b) 

  
     c) 

   
 

Figure 2.5 Type of reforming operation of SOFC: a) ER-SOFC, b) IIR-SOFC, c) DIR-

SOFC 
 

From t hese t ypes of  r eforming, t he location of  r eforming s ection i s 

significantly different. As the electrochemical reaction is exothermic, releasing steam, 

while the reforming reaction is endothermic, the reaction can transfer heat and steam 

each other. For ER in Figure 2.5 a ), the reforming section and SOFC are completely 

separated. Heat and steam from SOFC section do not  involve reforming section. For 

IIR in Figure 2.5 b ), the reforming section is located next to the SOFC, this structure 

makes use of the exothermic heat from SOFC section to reforming section except for 

steam that could not be involved. For DIR in Figure 2.5 c ), the reforming and SOFC 

sections ar e l ocated together. Therefore, this sy stem can benefit a f ull a dvantage o f 

both heat and steam to interchange each other between these reactions.   
 

2.2.4 SOFC System and Balance of Plant 
 

 For SOFC power ge neration system, by installing onl y SOFC uni t is  no t 

enough t o i mprove t he pr ocess pe rformance. Some extr a proc ess eq uipments ar e 

provided to support e lectricity production. These components are ca lled “Balance of  

Plant (BoP)”. Generally, the overall SOFC process can be  divided into four sections 

namely; Fuel processing section, Electric ge nerating section, Heat r ecovery section 

and electrical power conditioning as follows: 

Fuel 

Fuel 
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 2.2.4.1 Fuel processing section 
 

 The role of  thi s s ection is  to modify t he i ncoming r eactants t o be  in proper 

conditions before be ing fed i nto the SOFC. Conventionally, a f uel i s reformed i nto 

hydrogen i n a reformer s eparated f rom S OFC to a void c oke f ormation within the 

SOFC. The e quipments r equired for bi oethanol i n a fuel proc essing section are 

described below. 
 

- A pervaporation m embrane is us ed as a separation unit for purifying 

ethanol to the desired concentration before being fed into the reformer. 

- A reformer converts concentration-modified ethanol into hydrogen fuel for 

the SOFC unit. 

- A compressor is used to increase the pressure of the gas stream line to be in 

a proper condition before being fed into a reformer.  

- A va cuum pump i s a  part of  p ervaporation unit to c reate the pressure 

driving force enhanced separation performance of pervaporation. 

- Preheaters are used for modifying temperature of the inlet stream lines of 

fuel and oxidant feeds to be at a suitable condition.    

 

2.2.4.2 Electrical power generation 
 

This i s a major process sect ion in a power ge neration s ystem. I t c ontains an 

SOFC uni t s equenced after the fuel pro cessing section. The SOFC is f ed with 

bioethanol-derived hydr ogen a nd p roduces di rect current pow er via el ectrochemical 

reaction. 

 

2.2.4.3 Heat recovery section 
 

This section contains heat exchangers and the afterburner to combust residual 

fuels from electrochemical reaction in SOFC. Thermal power obtained f rom a n 

afterburner and outlet streams from SOFC is distributed to other equipments requiring 

some e nergy s upply i .e. r eformer, pr eheaters a nd other e xtra power generations in  

order to reduce the demand of external heat sources and take this power generation to 

be a worthwhile energy usage.    
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2.2.4.4 Electrical power conditioning 
 

The el ectrical power c onditioning c onsists of  a uni t w hich c onverts direct 

current from SOFC into alternating current for actual usage. In addition, the DC-AC 

converter is al so installed for an added power generation like gas turbine. However, 

DC-AC inverter is not considered in this study.  

 

2.3 Ethanol reforming reaction  
 

 Ethanol as a f uel c an be c onverted i nto hydr ogen. R eforming o f e thanol 

provides a pr omising method for hydr ogen pr oduction f rom r enewable s ources. 

Different cat alysts suc h as non -noble m etals and noble m etals ar e r esearched for 

ethanol r eforming.  Reforming operation-modes for hydr ogen pr oduction c an b e 

classified into three main types: 

 

•  Steam reforming 

•  Partial oxidation 

•  Auto-thermal reforming  

 

From t hese pr oposed ope ration modes, s election of  e ach r eforming operation is 

considered f rom individual objectives. If the main target is to obtain a  high yield of 

hydrogen with low carbon monoxide content, steam reforming operation is a suitable 

mode but it de mands a n e nergy s upply due t o e ndothermic r eaction. In case of  

focusing on less system complexity and   integration, the exothermic partial oxidation 

is com patible f or t hese r equirements si nce no  exte rnal h eat sou rce and steam are 

required (Vourliotakis e t al.,2009). However, the hydrogen s electivity of  pa rtial 

oxidation is low. Auto-thermal reforming or oxidative steam reforming is proposed as 

another c hoice t o improve the hydrogen pr oduction. Since i t combines st eam 

reforming and ethanol oxidation, its advantages are not only minimum heat input but 

also high hydrogen production. Characteristics of all reforming modes are summarized 

in Figure 2.6 (Rabenstein and Hacker, 2008) 
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Figure 2.6 Various operating modes of Ethanol reforming  

 

Because ethanol r eforming process i s cons idered as a pa rt o f fuel processing 

section and the objective of this research is to obtain hydrogen as high as possible in 

order t o enhance the power ge neration pe rformance from a fuel c ell. The e thanol 

steam reforming i s then selected due t o the highest hydrogen yi eld compared t o the 

other operation modes. 

 

2.3.1 Ethanol steam reforming  

 
The st udies on steam r eforming m ethod are of  i nterest by  a num ber of r esearchers. 

Ethanol steam reforming appears at higher temperatures compared to methanol steam 

reforming a nd a lso r eleases hi gher c arbon m onoxide a mounts i n t he outlet s tream 

(Amphlett et a l., 1981) . Because the t arget i s t o maximize hydrogen s electivity a nd 

inhibit coke formation, the selection of a suit able catalyst plays a crucial role due to 

each catalyst induces different pathways. Rh and Ni –noble metal and non-noble metal 

catalysts- are t he be st and t he m ost c ommonly us ed c atalysts f or ethanol s team 

reforming (Meng Ni et al., 2007). In practice, there are a number of possible reaction 

pathways of ethanol steam reforming to be described as follows: 

 

In case of  the process having a sufficient s team supply, the ethanol s team reforming 

reaction is 

 

C2H5OH + 3H2 →O    6H2 + 2CO2
oH 298∆ (  = +173.5 kJ/mol)  (2.7) 

 

Partial Oxidation 

Exothermic Endothermic 

Autothermal Reforming  
Qheat= minimum 

Oxidative Steam 
Reforming Steam Reforming Total Oxidation 

𝜼𝜼H2= Maximum 𝜼𝜼H2= 0 𝜼𝜼CO= Maximum 
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The equation (2.7) gives the highest hydrogen production and it is a desired pathway. 

If the steam is supplied to the process insufficiently, the undesired reactions may occur     

 
C2H5OH + H2 →O    4H2

oH 298∆ + 2CO (  = +256 kJ/mol)   (2.8) 
 
C2H5OH + 2H2 →    2CH4 + H2

oH 298∆O (  = -157 kJ/mol)   (2.9) 
 
 
These reactions release a lower hydrogen production including byproducts. In addition, 

the other reactions regarding to ethanol can be occurred namely:  

 

Dehydrogenation 

 

C2H5 →OH    CH3CHO + H2
oH 298∆  (  = +68 kJ/mol)   (2.10) 

 
This is another r eaction pa thway f or hydr ogen pr oduction in pr actice. H owever, 

acetaldehyde occurred can be further reacted by two reactions: 

 

-   Acetaldehyde decomposition    

 

C2H4 →O    CH4
oH 298∆ + CO  (  = -21 kJ/mol)    (2.11) 

 
-   Acetaldehyde steam reforming 

 

C2H4O + H2 →O    3H2
oH 298∆ + 2CO (  = +180 kJ/mol)   (2.12) 

 

Dehydration  

 

C2H5 →OH    C2H4 + H2
oH 298∆O  (  = +45 kJ/mol)   (2.13) 

 
The dehydration of ethanol is an undesired pathway which is the main source of coke 

formation according to this reaction: 

   

C2H4 →    polymeric deposits (coke)      (2.14) 
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Decomposition 

 
C2H5 →OH   CO + CH4 + H2

oH 298∆  (  = +49 kJ/mol)   (2.15) 
 
2C2H5 →OH    C3H6O + CO + 3H2

oH 298∆ (  = 98 kJ/mol)    (2.16) 
 
C2H5 →OH    1/2CO2 + 3/2CH4 

oH 298∆(  = -74 kJ/mol)    (2.17) 
 
 
Reaction of  de composition pr oducts c an be  c onverted to m ethane vi a t he following 

reactions 

 

CO + 3H2 →   CH4 + H2
oH 298∆O  (  = -210 kJ/mol)   (2.18) 

 
CO2 + 4H2 →   CH4 + 2H2

oH 298∆O  (  = -160 kJ/mol)   (2.19) 
 
The decomposition of  e thanol gives a low hydrogen production and may lead to the 

appearance of  coke  formation due t o c arbon m onoxide a nd methane pr oducts as 

following reactions: 
 

-  Methane decomposition 

 
CH4 →   2H2

oH 298∆ + C   (  = +75 kJ/mol)   (2.20) 

  
-  Boudouard reaction 
 
2CO  →   CO2

oH 298∆ + C   (  = -171.5 kJ/mol)   (2.21)  

  
Nonetheless, there ar e seve ral r eactions which obs truct pa thways for hydr ogen 

production. The water gas shift reaction can enhance hydrogen production and reduces 

coke formation. 

 
CO + H2 →O  CO2 + H2

oH 298∆  (  = -41.32 kJ/mol)              (2.22) 
SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS 

 

SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS 
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2.4 Pervaporation Membrane 

 

2.4.1 Fundamental Principle  

  

 Pervaporation is a  m embrane-based separation process to separate l iquid 

mixture using different ability of  each liquid which di ssolves and di ffuses through a 

dense, non-porous m embrane relying on a physical-chemical af finity between the 

membrane material and the species. As illustrated in Figure 2.7, a liquid feed mixture 

is i n c ontact w ith one  s ide of  t he m embrane. I n the membrane s ection, absorbed 

liquids are under VLE condition and a ll partial vapor pressure are a t saturation. The 

driving f orce of  pe rvaporation is t he pressur e gradient b etween t he feed a nd t he 

permeate side of the membrane created by vacuum pump or an inert purge stream in 

order to reduce pe rmeate si de pa rtial va por pres sure. The p ermeate pr oduct t hrough 

the m embrane f ollowed by e vaporation i s r emoved a s a  l ow pr essure va por i nto 

another side and then condensed to liquid state.   

 

 
 

Figure 2.7 The schematic diagram of a pervaporation process 

 

2.4.2 Characteristics and Important terms of Pervaporation 

 

2.4.2.1 Permeation flux  

 

Permeation flux strongly depends on the feed composition, permeate pressure 

and temperature of  t he proc ess ( Kujawski, 20 00). T he pe rmeation i nvolves phase 

change of the permeating species and can result in significant temperature drop at high 
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permeation rate. From expe rimental d ata, t he t emperature de pendence of  t he 

permeation flux is commonly expressed as Arrhenius-type relation. 

 

                                               J = Joexp(-Ea/RT)    (2.23) 

 

where Ea is defined as an activation energy for permeation. However, this equation is 

not entirely correct because it does not correspond to any other research dealing with 

this phenomenon (Feng and Huang, 1997). The flux equation can be derived based on 

the solution-diffusion model. 

 

         Ji )( ipio
i pp
l

P
−   =       (2.24) 

 

where iop  and ipp  are the partial vapor pressures i on the feed and permeate sides of 

the membrane, respectively. l is the membrane thickness, and iP  is the permeability. 

iop can be  w ritten i n a nother t erm de aling w ith vapor-liquid equilibrium ( VLE) 

condition in a membrane phase as follows:  

 

                                               Ji )( ip
sat
io

L
io

L
io

i ppx
l

P
−γ =     (2.25) 

 

where L
ioγ  is the activity coefficient of component i on the liquid feed side, L

iox is liquid 

mole fraction of component i in the feed side and sat
iop is the saturated vapor pressure 

of pure component i. 

    

2.4.2.2 Membrane separation factor  

 

This parameter is the ratio of the mole fractions of desired component A and 

undesired component B in the permeation and feed sides of membrane.   

 

                                         ABα   =   
BA

BA

xx
yy

/
/          (2.26) 
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2.4.2.3 Membrane permeability  

 

Permeability is  the  c oefficient w ith re spect to the dr iving force e xhibited in 

terms of partial pressure and is related to the sorption coefficient (Ki) and membrane 

diffusion coefficient (Di

iP

): 

 

  =   ii KD   =   
ipio

i pp
lJ
−

           (2.27) 

 

where Ki and Di

l
Pi

 usually de pend on t emperature. T he r elationship of t hese t wo 

parameters and temperature c an be  expr essed as Arrhenius-type re lationship. 

Normally, the permeability is reported as Barrers.  

 

2.4.2.4 Membrane permeance 

 

When t he m embrane t hickness i s unknow n, m embrane pe rmeance – a 

component flux divided by dr iving force, can be used. Permeance unit is de fined as 

gas permeation unit (gpu)  
 

  =   
l
KD ii   =   

iPio

i

pp
J
−

           (2.28) 

  

2.4.2.5 Membrane selectivity 

 

This pa rameter is defined as the ratio of t he permeabilities or pe rmeances of  

components i (desired component) a nd j (undesired component) through t he 

membrane: 

                                         ijβ   =   
j

i

P
P

  =    
lP
lP

j

i

/
/

                              (2.29) 

 

2.4.2.6 Recovery 

 

Recovery is defined as the ratio of mass of desired component i in the permeate 

stream to that in the feed stream (Mulder, 1996). 
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Recovery   =   
fi

pi

m
m

,

,                                     (2.30) 

 

2.4.2.7 Concentration factor 

 

Concentration factor (CF) is defined as the ratio of molar (or mass) fraction of 

desired c omponent i  in the pe rmeate st ream t o that in the f eed stream ( Soni e t al ., 

2009).  

             CF =  
fi

pi

x
x

,

,                                          (2.31) 

 

2.4.3 Practical Applications of Pervaporation 

 

 At present, an overview of the potential practical applications of pervaporation 

is classified into three main areas (Kujawski, 2000):   

 

2.4.3.1 Separation of water from aqueous mixtures 

 

For t he r emoval of  w ater f rom water/organic liquid, hydr ophilic m embrane 

materials have to be selected. The hydrophilic property is caused by groups present in 

the polymer chain are able to interact with water molecules. Examples of hydrophilic 

membrane ma terials a re: ioni c pol ymers, polyacrylonitryle (P AN), polyvinylalcohol 

(PVA) a nd pol yvinylpyrrolidone ( PVPD). The i ndustrial de hydration processes t hat 

can be separated by pervaporation are:  

 

- Dehydration of  water-organic a zeotropes suc h as w ater-ethanol, water-

isopropanol and water-pyridine.  

- Dehydration of  organic re action in term o f enhancement of the che mical 

reaction efficiency. There ar e m any orga nic r eactions w hich can release 

water as one of the products. Examples of such reactions are: esterification 

reaction, acetalisation a nd ketalisation. Removal of  w ater can shift th e 

reaction equilibrium toward and obtain more organic products.   
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2.4.3.2 Removal of organic compounds from aqueous mixtures 

 

For s eparation of  or ganics f rom water/organic l iquid, hydr ophobic pol ymers 

are proper membrane property to be chosen. These materials possess no groups that 

show a ffinity f or w ater. E xamples of  t hese polymers a re: pol ydimethylsiloxane 

(PDMS), polyethylene (PE), polypropylene (PP), polyvinylidenefluoride (PVFD) and 

polytetrafluoroethylene (PTFE). Normally, this process is mostly applied for pollution 

control such as removal of volatile organic compounds (VOCs) from aqueous because 

VOCs i s a source of  ai r pol lution a nd gr oundwater pol lution. Pervaporation c an be  

used f or e ffectively removing V OCs from w ater   by using specially de signed 

hydrophobic membrane i.e. organophilic membrane. In addition, other applications of 

pervaporation for removing organics are: separation of  bioethanol f rom fermentation 

broth, removal of chlorinated hydrocarbons, wine and beer dealcoholization, recovery 

of high-value aroma compounds (flavors, fragrances, and essential oils) from aqueous 

or alcohol solutions.  

  

2.4.3.3 Separation of Organic-Organic liquid mixtures 

 

For t he m ixture of  t wo or ganic liquids, t hree ki nds of  m ixtures c an be  

differentiated: pol ar/non-polar, polar/polar a nd non -polar/non-polar m ixtures. 

Membrane material has to be selected depending on which types of component – polar 

or non -polar, t o r emove t hrough t he membrane. For t he s ame t ype mixtures l ike 

polar/polar or non-polar/non-polar, it is difficult to separate. The separation has to take 

place on the criteria of differences in molecular size and shape. Membranes must be 

custom-designed for specific process objectives. Membrane material such as ceramics 

has been us ed as t he sel ective barriers i n pervaporation. There ar e m any of 

organic/organic m ixtures w hich c an be  s eparated by p ervaporation:  Separation of 

azeotropes (ethanol/cyclohexane, ethanol/ETBE, m ethanol/MTBE), Separation o f 

isomers ( xylenes), aromatics/parafins (benzene/hexane, isooctane/hexane), 

olefins/parafins (pentene/pentane) and purification of dilute streams (isopropyl alcohol 

from heptane/hexane).  
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CHAPTER III 
 

LITERATURE REVIEWS 

 
3.1 Purification process of Ethanol/Water mixture for SOFC system  

 

The di stillation c olumn was incorporated i nto t he SOFC s ystem designed by 

Jamsak et al. (2007) to purify ethanol from dilute bioethanol solution in order to obtain 

an a ppropriate composition for SOFC fuel feed. The bioethanol f eed at 5mol% w as 

introduced to the distillation column before feeding into a reformer and SOFC stack, 

respectively. The later two units were assumed to operate under isothermal condition. 

In t his w ork, t he e thanol c oncentration of  25  mol% was cons idered as a suitable 

concentration for e thanol s team r eforming r eaction pr oducing hi gh hydr ogen rich 

gases. Thermodynamic assessment of the system was investigated, especially focusing 

on distillation energy consumption. T he simulations w ere c onducted unde r s elf-

sustained energy operation condition (Qnet=0) to perform overall electrical efficiency 

and other essential results. Adjusting SOFC system configurations such as operating 

voltage and fuel utilization could obtain no e xternal energy demand for the operating 

condition. F or a distillation column, the e thanol r ecovery at 80% could offer a n 

optimal electrical efficiency under Qnet=0. Nonetheless, the designed SOFC system at 

that condition ga ined somewhat low pe rformance ( 0.32 W/cm2, 173.07 kW , overall 

electrical efficiency is 33.3% at Uf = 80%, REtOH = 80% and CEtOH

 Afterwards, Jamsak et al. (2009) studied the use of a heat exchanger network 

for i mproving the pe rformance of SOFC s ystem integrated w ith the distillation 

column. The system utilized exothermic heat from a condenser and hot water from the 

bottom line of  di stillation c olumn i ncluding c athode r ecirculation f rom t he c athode 

outlet s tream to s upply the energy de manding units. T he MER ( maximum e nergy 

recovery) network w as de signed to a void t he pinch pr oblem r elated to t he a ir i nlet 

temperature. The results were found that by eliminating the high temperature distillate 

 = 41%) owing to 

high r eboiler heat dut y c onsumption. F urthermore, a  l arge a mount of  heat i n a 

condenser w as not recovered. Therefore, i t w as ne cessary to have s ome m ethods t o 

improve the performance of SOFC-Distillation system. 

   

 



24 

 

heat exchanger, the total cost index could be reduced. The performance obtained from 

this m odified S OFC s ystem gave the ove rall e lectrical efficiency of  40.8% , 54.3% 

Combined Heat and Power (CHP) efficiency, respectively, as well as 0.221 W/cm2 for 

power density. 

 

After discovering t he f aults when us ing a distillation column, a low-energy 

pervaporation was pr oposed i nstead of  t he pr evious pur ification uni t for bi oethanol-

fuelled SOFC system to improve the performance as investigated by Choedkiatsakul et 

al. ( 2011). This s tudy presented significantly an improvement of S OFC s ystem 

performance by c omparing w ith two di fferent pur ification uni ts. At t he ba sed case 

(Qnet=0, REtOH = 80%, Operating voltage = 0.7V, TSOFC

 Among the various separation technologies,  membrane-based pe rvaporation is 

an interesting alternative because o f i ts high separation efficiency with l ow e nergy 

consumption. Kumar e t a l. ( 2010) s howed t he energy requirements of  purification 

processes i.e. Distillation processes (Azeotropic, Low pressure, Extractive distillation), 

Solvent extraction and pervaporation for producing anhydrous e thanol. I t was found 

that pervaporation was r egarded as be ing t he l owest e nergy c onsumption uni t 

compared t o t he ot her processes. P ervaporation m embrane m aterials c onsist of 

hydrophobic a nd hydr ophilic t ypes. N ormally, the component w hich ha s sm allest 

amount in t he mixture should be  pe rmeated a cross t he m embrane du e t o energy 

saving. Thus, a selection of an appropriate membrane type depends on the property of 

that component between pol ar and non -polar. For i mproving pervaporation 

membranes, the critical issues to be concerned are: membrane productivity, membrane 

selectivity and membrane s tability (Feng and Huang, 1997). Former research mostly 

studied the development of  membrane m aterials f or de hydration of  e thanol/water 

 = 1073 K), the results showed 

that the  ove rall electrical e fficiency obtained from us ing the pervaporation of fered 

42% compared to 34% of distillation column integrated with the system. However, the 

results indicated that the ethanol separation factor at high values were required when a 

pervaporation was operated at high ethanol recovery to achieve its high performance. 

Therefore, it should be concerned on the availability of the pervaporation membrane 

materials in a later study.  

 

3.2 Pervaporation for Ethanol/Water separation  
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system more t han e thanol r emoval f rom a queous s olution. D ue t o t he gr owing of  

research interest i n a pplication of  bi otechnology i .e. r emoval of  e thanol f rom 

fermentation broths, developing of membrane materials for dilute ethanol removal has 

increased gradually. G enerally, hy drophobic membranes f or e thanol r emoval a re 

constructed with s ilicone rubber or  polydimethylsiloxane (PDMS). There are several 

research which s tudy the m odified PDMS membrane pe rformance w ith different 

nanocomposites. Huang et al. (2009) developed pervaporation membrane for e thanol 

removal by i ncorporating p olyphosphazene na notube ( PZSNTs) i nto 

polydimethylsiloxane (PDMS) to form nanocomposite membranes. SEM showed that 

PZSNTs were well dispersed in PDMS. The results exhibited higher separation factor 

than PDMS membranes. From these experiments, as PZSNT content increased from 

0% to 10%, the permeation flux and separation factor increased. After this range, both 

parameters were kept r ather unchanged. A de crease of PZSNT di ameter le ads to an 

increase in both permeation flux and separation factor. In this study, it was found that 

by using PZSNT which was adjusted to longest and smallest diameter of nanotube (50 

µm and 40 nm) loading at 6 wt% on PDMS could give the maximum separation factor 

value of 10 compared to 5 (10 wt% ethanol feed at 313 K 

 Lin e t a l. (2003) i nvestigated t he preparation of s ilicalite membrane w hich 

involved in membrane separation properties. Silicalite membrane was synthesized by 

) from PDMS alone. 

 

 High-silica ZSM-5 zeolites (HiSiZ) were f illed into PDMS polymers to form 

mixed matrix membranes by Vane et al. (2008). Several parameters including siloxane 

chain l ength, crosslinking a gent concentration, de nsity of r eactive groups, c atalyst 

level, z eolite t ype a nd l oading, s olvent t ype, m ixing m ethod, a nd s ize of  a  porous 

support membrane ( UF and MF) w ere st udied to assess t he effect on pervaporation 

performance. According to this study, there were three parameters having a significant 

membrane pe rformance: uni form z eolite pa rticle di spersion, hi gh z eolite loading, 

zeolite pa rticle s ize (pa rticularly as it is  re lated to particle a gglomeration). It w as 

indicated that the membranes prepared with PDMS system based on DMS-V41/HMS-

064 with hydride to vinyl equivalent ratio of 1.34 i n case of varying zeolite loadings   

ranging from 0 t o 65w t% ha d an i nteresting result. E thanol-water sepa ration factor 

increased steadily with zeolite l oading f rom 8.7 at 0w t% t o 43.1 a t 65  wt% z eolite 

(5wt% ethanol feed, 323 K, permeate pressure 400-500 Pa).      
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in situ crystallization to obtain highly selective silicalite membrane on por ous tubular 

supports. T he pr operties of  membrane s eparation w ere va ried by  changing the 

preparation conditions: seeding, s upport t ypes, s ilica s ources a nd t emperature. The 

results reported that the silicalite membranes gave a higher separation selectivity using 

colloidal si lica. The h ighest e thanol sepa ration factor f rom t his experiment w as 106 

and flux of 0.9 kg/m2h for 5 wt% ethanol feed at 333 K. 

  

Claes e t a l. (2010)  successfully applied Silica-filled poly(1-trimethylsilyl-1-

propyne) (PTMSP) layers on the top of ultrafiltration support membranes and used in 

the pervaporation of ethanol/water mixtures. From the experiments, Reduction of the 

thickness of  t he s eparating P TMSP t op l ayer and a ddition of  hydr ophobic s ilica 

particles r esulted in a clear f lux increase as com pared to dense PTMSP membranes. 

The values of ethanol/water separation factors up to 12 were obtained and fluxes up to 

3.5 kg/m2

 Pervaporation for product recovery from biomass fermentation processes was 

reviewed by Vane (2005). The literature stated that the separation factors of  PDMS, 

PTMSP, composite membranes and zeolite are in t he r ange of  4.4 -10.8, 9 -26, 7 -59, 

12-106, respectively. H owever, some r esearch reported that the e thanol/water 

separation factors could exceed these ranges. For example, Nomura et al. (2002) used 

silicate zeolite membrane for ethanol removal from the fermentation broth of 20wt% 

ethanol. The obtained ethanol concentration was 98.2 w t% at the permeate side. The 

separation f actor of  e thanol ove r w ater i s e qual t o 218 a t 303 K. This hi gh ethanol 

h for 10  wt% ethanol a t 323 K. In addition,   t he supported PTMSP-silica 

nanohybrid membranes pr epared i n t his w ork pe rformed even better t han t he be st 

commercially a vailable organophilic pe rvaporation membranes i n t erms of  et hanol 

selectivity and f lux. Characteristics of  a  po lyvinylidene f luoride (PVDF) a nd a  

polyacrylonitrile (PAN) support membrane disclosed a more open structure for PVDF 

membrane and showed more hydrophobic surface. F rom the s tudy, i t was suggested 

that by using a PVDF support, the permeate fluxes can be increased by 30% compared 

to the PAN s upported m embranes. B ecause of  t heir promising f lux-selectivity 

combination, t he pr epared c omposite of PTMSP-silica membranes ex hibited a great 

potential in the removal of alcohols from aqueous mixtures and give a new perspective 

on the removal of alcohols from aqueous streams, and could serve as an alternative for 

the commercial organic pervaporation membranes. 
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selectivity was due to the salt effect in fermentation broth. Separation technologies for 

biorefinery were r eviewed by H uang e t al. ( 2008). I n the section of  hydrophobic 

membrane f or e thanol removal, t hey c oncluded that the et hanol/water separation 

factors are ranked in the following order: PDMS< PTMSP < composite membranes < 

zeolite m embranes. Although z eolite membranes a re m ore e xpensive t han pol ymer 

membranes, it has higher separation factors and flux than others.      

 

3.3 Vapor permeation for Ethanol/Water separation 

 

 Apart f rom the us e of  pervaporation i n E thanol/Water s eparation, membrane 

separation techniques al so have v apor pe rmeation w hich i s a nother pr oficient 

separation unit to separate E thanol/Water mixture. Since the transferring mechanism 

of component vapor in this un it has no phase change ac ross t he m embrane, it can 

reduce the e ffect of  concentration polarization occurring on t he f eed bounda ry l ayer 

and no temperature drop happened along the membrane (Ito, 1997). In addition, it can 

prolong the membrane life time as a result of low degree of membrane swelling.  

 

Hayashi et al. (2000) proposed a vapor permeation that was incorporated into 

ethanol con centration process, obtaining di lute e thanol f rom t he bi omass a lcoholic 

fermentation br oth t o f urther pu rify e thanol s olutions s equenced f rom a dsorption-

desorption process and ethanol stripping column, respectively. Asymmetric polyimide 

membranes were used for vapor permeation to concentrate ethanol solutions from 30 

to 99.6 w t% with e thanol r ecovery more t han 98%. The op timum ope rating f actors, 

operating conditions and the r equired membrane a rea were determined based on t he 

numerical model. The simulation results indicated that the two-stage vapor permeation 

system cou ld offer a desired concentrated ethanol w ith hi gh e thanol r ecovery. 

Although t he s ystem r equired larger membrane ar ea, t he membrane ar ea i ncreased 

only about 10% compared to that of the single-stage system. 

 

Ethanol de hydration us ing hybr id di stillation-membrane proc ess w as 

investigated by H uang et a l. ( 2010). A  s imple s tripper c olumn w as u sed t o pur ify 

dilute e thanol f rom 5  wt% t o 50 w t% a t t he ove rhead c olumn. T hen, t he obt ained 

ethanol solutions w as f urther purified w ith two c ascade va por pe rmeation uni ts 

achieving e thanol c oncentration a t 90 w t% a nd 99.7 w t%, r espectively. As the 
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membrane i n t his pr ocess s hould be s table i n e thanol/water m ixture unde r t he 

operating t emperatures up to 403 K, this work then investigated the development of  

perfluoro pol ymer membranes t o s erve i ts c onditions. H ydrophobic pe rfluoro 

polymers were considered because of their chemical and thermal s tability which can 

be used at high temperature, especially up t o 403 K. However, the water permeances 

of t his membrane w ere qui te low, compared w ith t he c ross-linked hydr ophilic 

membranes. T hus, multilayer c omposite m embranes c ombined w ith hydr ophobic 

perfluoro and hydrophilic membrane were proposed. These membranes have a  good 

thermal stability as well as high water permeances and good selectivity. 
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CHAPTER IV 
 

MODELING 

 
 This cha pter de scribes al l r elated si mulation models and procedures of  

calculation i ncluding S OFC s ystem a nd bi oethanol pretreatment proc esses. VBA 

(Visual Basic for Application) on Excel spreadsheet was used for simulating the SOFC 

system t o assess ove rall pe rformance w hile t he pur ification units i.e. pervaporation 

and va por pe rmeation w ere i nvestigated using preliminary calculations on E xcel 

spreadsheet. The d istillation column w as s imulated using Aspen Plus t o eva luate i ts 

performance. 

 

4.1 Bioethanol Pretreatment Process  
 

 Bioethanol, a pa rt of  se veral renewable r esources, was sel ected to be  a  fue l 

feed for S OFC s ystem. As mentioned earlier, b ioethanol de rived f rom fermentation 

broth contains mainly water. In this research, bioethanol feed is assumed to consist of 

only e thanol a nd w ater. It i s spe cified at 10  wt% or  4.16  mol% e thanol a t a mbient 

condition in accordance with a range of actual bioethanol containing about 5-12 wt% 

ethanol ( S. Ramaswamy e t al., 20 08) be fore being f ed i nto a p retreatment uni t a s 

follows: 

  

4.1.1 Preliminary Calculations of Pervaporation and Vapor Permeation 
 

 Performance assessment of  pe rvaporation and vapor pe rmeation i s conducted 

under a basic calculation to present the primary results. Various parameters and their 

criteria were considered based on t heory. To reduce the complexity, this calculation 

defines t he e thanol recovery pa rameter r epresenting the influence f rom other 

significant parameters on membrane separation as shown in Eq. (4.1). 

 

REtOH = fn(TFeed, membrane area, feed composition, permeate side conditions,…) 

 = 𝑦𝑦𝑝𝑝 (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 )𝑃𝑃
𝑥𝑥𝐹𝐹(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 )𝐹𝐹

                                                                     (4.1) 
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The mass balance equations of pervaporation and vapor permeation are determined as 

 

                       F  =  P  +  R                       (4.2) 

                         𝑥𝑥𝐹𝐹𝑖𝑖F  =  𝑦𝑦𝑝𝑝𝑖𝑖P  +  𝑥𝑥𝑅𝑅𝑖𝑖R                         (4.3) 

 

where F is the total feed, P is the permeate stream, R is the retentate stream, while xi 

and yi represent molar fraction of species i of the retentate and permeate, respectively. 
 

The separation factor as a performance indicator of membrane is another parameter to 

be employed in the calculation incorporated with ethanol recovery as shown below: 

 

                          ∝𝑖𝑖/𝑗𝑗  =  𝑦𝑦𝑖𝑖/𝑦𝑦𝑗𝑗
𝑥𝑥𝑖𝑖/𝑥𝑥𝑗𝑗

                   (4.4) 

 

In this s et of e quations, the ethanol c oncentration of  25  mol% is  s pecified at the 

permeate st ream and retentate s tream for hyd rophobic a nd hydr ophilic m embrane 

types, respectively. Thereafter, the calculated separation factor values in each type are 

then obt ained i ncluding the mass f low r ate of  pe rmeate a nd retentate st reams. For 

energy calculation, there are different between pervaporation and vapor permeation. In 

a pervaporation, heat utilized from sensible heat of liquid feed mixture is necessary for 

vaporizing a preferential component t o be  permeated t hrough t he m embrane. 

However, the temperature drop is neglected to simplify the calculation. According to 

the pervaporation, the operating temperatures are l imited to below 373 K (R. Smith, 

2005), this pe rvaporation module is defined t o operate a t 348  K unde r i sothermal 

condition. The total required thermal energy is shown by the following equation: 

 

                     𝑄𝑄 = 𝑚𝑚∫ 𝐶𝐶𝑝𝑝𝑑𝑑𝑑𝑑
𝑑𝑑𝑜𝑜𝑜𝑜𝐸𝐸
𝑑𝑑𝑖𝑖𝑖𝑖

+  𝑚𝑚𝑚𝑚            (4.5) 

 

For vapor permeation, thermal energy i s required only for the f irst term of Eq. (4.5) 

since there is no phase change in the separation mechanism. There are many methods 

for ge nerating a  d riving f orce f or t he m embrane s eparation. A  va cuum pu mp i s 

considered in this study and is installed in a permeate side to drive chemical potential 

gradient through the pressure dif ference. The electrical power required for operating 

the vacuum pump is calculated by using Eqs. (4.6) and (4.7), respectively.  
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                                    𝑑𝑑𝑜𝑜𝑜𝑜𝐸𝐸 = 𝑑𝑑𝑖𝑖𝑖𝑖 �1 +  1
𝜂𝜂𝑝𝑝𝑜𝑜𝑚𝑚𝑝𝑝

��𝑃𝑃𝑜𝑜𝑜𝑜𝐸𝐸
𝑃𝑃𝑖𝑖𝑖𝑖

�
𝛾𝛾−1
𝛾𝛾 − 1��       (4.6)  

 

                   𝑊𝑊𝑒𝑒 ,𝑃𝑃𝑃𝑃 =  −𝑚𝑚𝑝𝑝 ∫ 𝐶𝐶𝑝𝑝𝑑𝑑𝑑𝑑
𝑑𝑑𝑜𝑜𝑜𝑜𝐸𝐸
𝑑𝑑𝑖𝑖𝑖𝑖

         (4.7) 

                                where                            𝛾𝛾 =  𝐶𝐶𝑝𝑝
𝐶𝐶𝑝𝑝− 𝑅𝑅

                   (4.8) 

 

The electrical efficiency of  a va cuum pump was specified at 75% (T. Kaneko et al., 

2006). 

 
4.1.2 Distillation Column 

 

 A distillation column which was used as a bioethanol purification unit for the 

SOFC system in the previous work (Wassana Jamsak et al., 2007) was considered to 

compare its performance of  S OFC sys tem w ith the p roposed pur ification p rocess-

integrated S OFC sys tem of thi s work unde r t he s ame c onditions t o demonstrate its 

performance i mprovement. The p rocedure of  bi oethanol pr etreatment us ing a n 

ordinary distillation column to obtain a desired concentration is depicted in Figure 4.1.  

 

 

25 mol% EtOH

Feed T=303K

To Reformer

4.16 mol% (10wt%) EtOH

Heater T=348K

Distillation Column

Distillate

Bottom

Drain

Heater T=1023K

 
 

Figure 4.1 The schematic diagram of ordinary distillation column 
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4.2 SOFC model 
  

The SO FC m odel was appl ied f rom the pr evious literature ( Pakorn 

Piroonlerkgul et al., 2008) to investigate the overall performance of SOFC system. In 

this model, a constant operating voltage along the cell length and isothermal condition 

were assum ed. O nly hy drogen oxidation w as c onsidered t o r eact electrochemically 

within t he m odule. O xygen i on e lectrolyte type w as selected for S OFC and i ts 

electrochemical reaction occurring as follows: 
 

                                                   1/2O2  +  2e-   →   O2-             (4.9) 
 

                                                       H2   +  O2-   →   H2O + 2e-

4.2.1 Electrochemical model 
 

 4.2.1.1  Open circuit voltage 

 The open c ircuit vol tage (E) is calculated by the Nernst equation as g iven in 

Eq. (4.11) 

 

         (4.10) 
 

The ve rification of  t he model w as in good a greement w ith e xperimental r esults of  

Zhao et al., (2005) and Tao et al., (2005) at high hydrogen contents (hydrogen mole 

fraction = 0.97) and Petruzzi et a l. (2003) a t low hydrogen contents (hydrogen mole 

fraction = 0.26). The materials used in SOFC stack are YSZ, Ni-YSZ and LSM-YSZ 

for electrolyte, anode and cathode, respectively.       
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0 ln      (4.11) 

 

 The actual operating voltage (V) is less than the open circuit voltage (E) due to 

the presence of polarizations. Three types of polarization are considered in this model: 

Ohmic, Activation, and Concentration polarizations as below: 

 

V = E  − 𝜂𝜂𝑎𝑎𝑎𝑎𝐸𝐸 −  𝜂𝜂𝑜𝑜ℎ𝑚𝑚𝑖𝑖𝑎𝑎 −  𝜂𝜂𝑎𝑎𝑜𝑜𝑖𝑖𝑎𝑎    (4.12) 
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 4.2.1.2  Polarizations 
  

- Ohmic polarization 
 

This pol arization i nvolves the r esistance of  bot h i ons w hich f low i n the 

electrolyte and electrons which flow through the electrodes. This resistance 

loss is regarded as a major loss in the SOFC stack and is given as: 

 







= −

T
iLxohmic

10300exp1099.2 11η                         (4.13) 

 

- Activation polarization 
 

Activation pol arization i s c aused by the loss of  el ectrochemical r eaction 

rate at  t he el ectrodes. An ope ration of SOFC at high temperature c an 

reduce t his pol arization as t he r ate-determining step becomes faster. 

Normally, a ctivation po larization r egion l ocates a t low c urrent d ensity 

range. This polarization is defined by Butler-Volmer equation. 
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The va lue o f α and z are specified as 0.5 and 2  (S.H. Chan e t al., 2001), 

respectively. Accordingly, the activation polarization at anode and cathode 

sides can be arranged into another form as: 
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The exchange current density (𝑖𝑖0,𝑗𝑗 ) for both the anode and cathode sides are 

expressed as follows: 
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- Concentration polarization 
 

This polarization results from a partial pressure in porous electrode region 

reduce more t han bul k ga s out side t his r egion a nd i s br ought t o a gas 

transport loss. It can be estimated by E qs. (4.18) and (4.19) for anode and 

cathode sides, respectively.  
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where 𝛿𝛿𝐸𝐸2 , Da(eff) and Dc(eff)
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      The relationship between t he effective diffusion parameter ( D(eff)

DnD eff ξ
=)(

) and 

ordinary diffusion parameter (D) can be described by:  

        (4.25) 

Assuming straight and round pores, the Knudsen diffusion parameter can 

be calculated by: 

 A
kA M

TD 9700, =      (4.26) 

The binary ordinary diffusion parameter in a gas phase can be calculated 

using the  Chapman-Enskog theory of prediction as below: 
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where 𝜎𝜎𝐴𝐴𝐴𝐴  is th e c haracteristic length and ΩD

2
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σσ
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=

 is the c ollision int egral. 

These parameters are given by: 

          
       

(4.28) 
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where the constants A to H are A = 1.06036, B = 0.15610, C = 0.19300, D 

= 0.47635, E = 1.03587, F = 1.52996, G = 1.76474, H = 3.89411 and  Tk 

 

 

is given as  

 𝑑𝑑𝑘𝑘 =  𝑘𝑘𝑑𝑑𝜀𝜀𝐴𝐴𝐴𝐴    (4.30) 

where k is the Boltzmann constant and 𝜀𝜀𝐴𝐴𝐴𝐴  is the characteristic Lennard-

Jones energy. 
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All the parameters used in this model are concluded in Table 4.1 

 

Table 4.1 Summary of all parameters used in the SOFC model 
 

Parameters Value Parameters Value 

L     ( µm) 50 2Hσ  (Å) 2.827 

Eact,a 1.0 x 10 (J/mol) OH2
σ5  (Å) 2.641 

Eact,c 1.2 x 10 (J/mol) 2Nσ5   (Å) 3.798 

γa    (A/m2 1.344 x 10) 2Oσ10  (Å) 3.467 

γc    (A/m2 2.051 x 10) 2Hε9  59.7 

la 750       (µm) OH2
ε  809.1 

lc 50      (µm) 2Nε  71.4 

ξ     (µm) 5.4 2Oε  106.7 

n 0.48   
 

 

4.2.2 Calculation Procedure 
 

 The c alculation be gins with de fining the desired va lues of f uel ut ilization of  

SOFC including operating voltage, temperature, and parameters of anode and cathode 

inlet f low rate in each gas component. Fuel ut ilization was divided into many small 

regions with step size of 0.01 in SOFC stack to calculate the current density and area 

in each region as illustrated in Figure 4.2.  
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  Figure 4.2 The schematic SOFC module for numerical calculation 
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The sets of equation in Section 4.2.1 are arranged and placed on the potential balance 

in Eq. (4.12). A constant operating voltage (V) is defined and open circuit voltage (E) 

is e arly c omputed. T hereafter, t he c urrent de nsity in e ach r egion is obt ained b y 

calculating with trial and e rror until t he d ifference between E and t he t otal 

polarizations is equal to the operating voltage (V) on Eq. (4.12). The small element of 

SOFC area can be calculated by the following equation: 
 

( )
f

f
f i

UF
A

∆
=

2
    (4.31) 

 

The numerical calculation is continued until the value of Uf  reaches the desired fuel 

utilization. The total SOFC area (Atotal) can be obtained by summation of each small 

area (Af). T hen, t he a verage c urrent de nsity ( iave), pow er de nsity (pave) a nd total 

electrical power (We

( )
total

f
ave A

UF
i

2
=

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

 

                                                                  (4.32) 

 

      Vip aveave =     (4.33) 

 

  totalavee ApW =     (4.34) 

 

The computational algorithm for d etermining SOFC pe rformance i s expr essed as 

Figure 4.3.    
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Figure 4.3 The flow chart of algorithm for computation of a fuel cell 

 

4.3 SOFC system configurations 
 

 The process of SOFC system fuelled by bioethanol fundamentally consisted of 

preheaters, reformer, S OFC, a nd a fterburner. I n t his r esearch, t he e xtra bi oethanol 

pretreatment unit is further installed into this system as schematically shown in Figure 
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4.4. Bioethanol solution of 10wt% or 4.16mol% is introduced into a pretreatment unit 

operated under 348  K t o c arry ou t a  de sired e thanol c oncentration of  25  mol%, a  

stoichiometric ratio for ethanol steam reforming reaction in Eq. (2.7).        
 

Feed T=298 K

10 wt%EtOH
Purification unit

Reformer
T=1023K

SOFC

Heater

Air  T=298K

Afterburner

Heater

Electrical power

Exhaust gases T=403K

Q6

Q5

Q4

Q3

Q2

Q1

 
 

Figure 4.4 Schematic diagram of bioethanol-fuelled SOFC system 

 

Afterwards, the stream with 25 mol% ethanol is fed into an external reformer operated 

at 1023  K under t hermodynamic e quilibrium c ondition. Ethanol s team reforming 

reaction is considered as a  m ain r eaction f or producing h ydrogen r ich ga s a nd the 

reactions i n E qs. ( 2.8) and ( 2.9) a re de fined as unde sired reactions oc curring 

simultaneously with the main reaction including water gas shift reaction as shown in 

Eq. (2.22). These r eactions ar e ass umed to take place i sothermally in an external 

reformer simulated by Aspen plus. The reformed hydrogen rich gases are fed into an 

ER-SOFC to produce electrical power at the anode chamber whilst excess air (5 times) 

is pr eheated a nd f ed i nto the cathode c hamber. Exhausted ga ses r eleased from an 

SOFC c ontaining unr eacted f uels are br ought i nto t he a fterburner t o c ombust a nd 

recover heat from this residue to supply energy to the other heat-demanding units i.e. 

purification unit, reformer, and pr eheaters. From F igure 4.4, t he heat obt ained from 

SOFC and the af terburner r epresented as Q5 and Q6 are as signed to have a r ole f or 

supplying thermal energy to the heat-demanding units represented in Q1, Q2, Q3 and 

Q4. The final temperature of exhausted gases vented to the environment is specified at 

403 K. In some cases, the overall performance of SOFC system is evaluated under the 

condition of no external energy demand or Qnet = 0 calculated by conventional energy 

balance as below: 
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        Qnet = Q5+Q6-Q1-Q2-Q3-Q4 = 0  (4.35) 
 

and the definition of overall electrical efficiency of this system is given by: 

 

                         𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎 ,𝑜𝑜𝑜𝑜 =  𝑊𝑊𝑒𝑒 ,𝑖𝑖𝑒𝑒𝐸𝐸
𝑚𝑚𝑜𝑜𝑒𝑒 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 .𝑚𝑚𝐸𝐸𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  + 𝐸𝐸𝑥𝑥𝐸𝐸𝑒𝑒𝐸𝐸𝑖𝑖𝑎𝑎𝑒𝑒  𝐸𝐸𝑒𝑒𝑎𝑎𝐸𝐸  𝐷𝐷𝑒𝑒𝑚𝑚𝑎𝑎𝑖𝑖𝑑𝑑

                   (4.36) 

 

where We,net is the net electrical energy gained from the system after subtracting power 

consumption of vacuum pump. LHV EtOH is the lower heating value of bioethanol feed. 

According to Eq. (4.35), when Qnet

 

 < 0, the SOFC system requires additional thermal 

energy from an external source and these amounts of  heat are t aken into account as 

external heat demand term in Eq. (4.36) of overall electrical efficiency.    
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CHAPTER V 
 

RESULTS AND DISCUSSIONS 

 
5.1 Effect of pervaporation membrane type on performance of SOFC system 

 

  In this section, the performance of SOFC system using pervaporation with two 

different membrane types, namely hydrophilic and hydrophobic membranes has been 

investigated as de picted i n F igure 5.1. In pr inciple, a lthough bioethanol as a dil ute 

ethanol solution was suitable for hydrophobic type due to lower energy consumption 

for a small amount of ethanol removal, this membrane type was inevitable to face the 

limitation of low ethanol separation factors as shown in Figure 5.1. It may perform a 

low ethanol recovery or obtain ethanol concentration below the target level (25 mol% 

ethanol). On the contrary, a hydrophilic type may assist to reach the desired ethanol 

concentration owing to high water separation factors, although it requires high energy 

supply t o r emove pl enty of  s team. Therefore, it is n ecessary to com pare t he 

performance be tween hydrophilic and hydrophobic membrane for pe rvaporation and 

their effects on the overall SOFC system performance.  

 

a) 
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4.16 mol% (10wt%) EtOH

Vacuum pump

Hydrophilic
Pervaporation

Feed T=298K

Permeate

Heater T=348K
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b)  

25 mol% EtOH
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4.16 mol% (10wt%) EtOH

Vacuum pump

Hydrophobic
Pervaporation

Feed T=298K

Permeate

Heater T=348K

Heater T=1023K

To Reformer

 
Figure 5.1  Pervaporation m embrane t ype c onfigurations: a ) H ydrophilic a nd b ) 

Hydrophobic    
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 According to Figure 5.1, f or case a), a hydrophilic pervaporation was used to 

remove exc ess water from t he f eed by pe rmeating through a  m embrane until th e 

retentate side of the pervaporation contained 75 mol% water. The heat accumulated in 

steam on the permeate side was recovered to supply the heater operated at 1023K until 

its exh austed temperature r eached 403 K  to r edeem a  hi gh t hermal e nergy 

consumption i n t his c ase. When c onsidering c ase b) , ethanol w as pe rmeated by  

hydrophobic pervaporation to obtain a permeate stream of 25 mol% ethanol.  

 

Table 5.1  A r eview o f sepa ration pe rformance with different m embrane t ypes o f 

pervaporation unit 

 

Hydrophobic membrane 

Membrane material Ethanol in feed 
(wt%) 

Temperature 
(K) 

Separation factor 
(αE/W

Reference ) 

Silicalite-1/α-
Al2O 5 

3 
348 78 Lin et al. 

(2001) 

Silicalite-1/Mullite 10 333 72 Lin et al. 
(2000) 

PDMS 10 348 6.25 Baker et al. 
(2010) 

PTMSP(-silica) 10 348 10.7 
Gonzalez-
Velasco et 
al. (2003) 

PDMS(ZSM-5 
mixed matrix) 10 348 15.5 Baker et al. 

(2010) 

ZSM-5/α-Al2O 10 3 348 24 Kita (1998) 

Hydrophilic membrane 

Membrane material Water in feed 
(wt.%) 

Temperature 
(K) 

Separation factor 
(αW/E

Reference ) 

Zeolite NaA, disk 90 303 >10000 Kumakiri et 
al. (1999) 

Cellulose ester 90 348 0.76 Baker et al. 
(2010) 

NaA, 
Mullite/Al2O 10 

3 
348 42000 Kondo et al. 

(1997) 
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5.1.1 Separation characteristics of hydrophilic and hydrophobic membranes 

 

 Figure 5.2 pr esents the values of required separation factor in order to purify 

dilute bioethanol to 25 mol%ethanol a t a ny s pecified e thanol r ecovery (R%). It was 

found t hat t he required separation factor i ncreased following by  increasing ethanol 

recovery especially at high ethanol recovery. In addition, Figure 5.2 also expresses the 

corresponding permeate flow rates in each membrane type. For the hydrophobic type, 

the desired ethanol product is at the permeate stream while for the hydrophilic type the 

ethanol pro duct i s at  t he r etentate st ream. The r esults sh ow t hat w hen using the 

hydrophilic m embrane a l arge amount of  w ater ar e n eeded to be  r emoved t o t he 

permeate side (more than 240 km ol/s) to obtain a desired ethanol composition in the 

retentate st ream, in contrast to a hydrophobic t ype, m uch s maller a mount of  i ts 

permeate f low r ates are r equired t o a chieve a desired e thanol removal. Different 

amount o f permeate f low r ates obt ained in each membrane t ype can  con vey t o t he 

required energy including electrical power of vacuum pump and total thermal energy 

at dif ferent ethanol recovery as i llustrated in F igures 5.3a) and 5.3b)  for hydrophilic 

and hydrophobic types, respectively. It can be seen that both total thermal energy and 

power of vacuum pump increase consistently when increasing an ethanol recovery.  

 

 
 

Figure 5.2 Effect of ethanol recovery on the separation factor and flow rates. 
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a) 

 
b) 

 
 

Figure 5. 3 Effect of  e thanol recovery on  the total t hermal e nergy a nd pow er of  

vacuum pump consumption for: a) hydrophilic and b) hydrophobic membranes. 

 

When c omparing b etween t wo membrane t ypes, it is apparent that t he 

hydrophilic type in Figure 5.3a ) uses about 3 -4 times of  thermal energy higher than 

that of the hydrophobic type shown in Figure 5.3b) because it requires plenty of heat 

for vaporizing a large amount of water as indicated in Figure 5.2. It also utilizes more 

power at the vacuum pump according to the same reason. From Figure 5.3, there is an 
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inverse relationship between total thermal energy and power of vacuum pump. When 

the permeate pressure w as reduced, t he va cuum pu mp c onsumed more el ectrical 

power and the permeate temperature became higher as represented by Eq. (4.6).  

Due to the higher permeate temperature, it can reduce burden of heater located prior to 

the reformer required to heat up to 1023 K so the total thermal energy becomes lower.  

Although the hydrophobic type required energy much less than the hydrophilic type, 

the separation factor values obtained in Figure 5.2 available for the hydrophobic type 

can serve only at low ethanol recovery ranges while these from the hydrophilic type 

can be available even at high ethanol recovery as shown in Table 5.1.  

 
5.1.2 Performance as sessment of  S OFC sys tem u sing pervaporation with t wo 

different membrane types 

 

 After discovering the characteristic r esults of  bo th membrane t ypes f rom the  

previous s tudies, e valuation of  ov erall pe rformance of  S OFC s ystem us ing bo th 

membrane types based on the net energy were performed and the results are shown in 

Figure 5.4. It is found that an increase of fuel utilization brought about the decrease of 

net energy in all cases.  

 

 
Figure 5.4 Effect of fuel utilization on the net energy (Qnet) of SOFC system with two 

different membrane types of pervaporation and distillation column ( REtOH = 85%, V = 

0.6V, TSOFC = 1073K, Pp
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 The l ow op erating vol tage of  0.6V  i s s pecified i n or der to ha ve s ome f uel 

utilization values which assist the system especially hydrophilic case to be operated at 

least Qnet = 0 . At thi s condition, the external he at sources are no t re quired but t he 

results ind icate tha t i t i s im possible to operate the  S OFC system w ith hydrophilic 

pervaporation a t this condition. A distillation column is considered as having poorer 

performance t han a pe rvaporation which is then compared with th e ot her tw o 

membrane types (Figure 5.4) to demonstrate that it can be operated below Qnet = 0 and 

offers its pe rformance supe rior to hydrophilic m embrane t ype. Therefore, a 

hydrophobic t ype st ill be comes a sui table alternative for pur ifying bi oethanol 

regarding a lower energy consumption. 

 

5.1.3 Performance characteristics of SOFC sys tem integrated with hydrophobic 

pervaporation  

 

 According to the previous studies, the use of hydrophobic pervaporation with 

the SOFC sys tem can be ope rated without external e nergy de mand. The ope rating 

conditions of hydr ophobic pe rvaporation a re further investigated to s how the 

performance characteristics of the overall system based on Qnet

 
Figure 5.5 Effect of permeate pressure of pervaporation on fuel utilization and power 

density of SOFC system based on Q

 = 0.  

 

net = 0 (REtOH = 80%, V = 0.7V, TSOFC
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Since a pervaporation unit required electrical power to operate a vacuum pump 

apart from its thermal energy requirement, the effect of operating permeate pressure on 

SOFC system needs to be studied. Figure 5.5 shows the results of fuel utilization and 

power density of SOFC at different permeate pressure values. When a vacuum pump 

operates at lower permeate pressures, it consumes more electrical power to support its 

conditions, but t he t emperature of  pe rmeate st ream be comes highe r. It can reduce 

burden of a heater located prior to the reformer operated at 1023 K because of higher 

heat accumulated in the permeate stream. Consequently, SOFC system operated under 

Qnet

 
 

Figure 5. 6 Effect of  e thanol r ecovery on the overall e lectrical e fficiency of S OFC 

system and acquired separation factor using hydrophobic pervaporation based on Q

 = 0 must consume more fuel for converting into electricity as r epresented with 

increasing a fuel ut ilization especially at l ow pe rmeate pressure on Figure 5.5 . This 
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Figure 5.6 s hows the pe rformance of  S OFC system i ncluding the overall 

electrical ef ficiency, f uel ut ilization a nd αEtOH/Water

 

 at di fferent values of  ethanol 

recovery. The results indicate that when increasing the ethanol r ecovery, it certainly 

requires a  membrane w ith m uch higher e thanol s eparation f actor pa rticularly i n t he 

range of  85 -95% e thanol r ecovery, but  the sys tem can achieve a higher ove rall 

electrical efficiency. At the ethanol recovery of 95%, the system can gain the overall 

electrical efficiency of almost 50%, although it requires an ethanol separation factor as 

high as 134.59 and the system also consumes more fuel as described by increasing the 

fuel ut ilization va lues i n F igure 5. 6. I n f act, a hydrophobic m embrane which has a 

high e thanol s eparation f actor t o serve th is desired e thanol c oncentration w ith high 

ethanol recovery is not available. It is necessary to have other techniques to solve this 

problem or further assist the separation performance of the hydrophobic membrane.         
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5.2 Performance i mprovement o f S OFC sys tem with h ybrid vap or p ermeation-

pervaporation process 

 

In this s ection, a  pe rvaporation ba sed on a vailable membrane materials from 

Table 5.1 is considered as a purification unit for SOFC system fuelled by bioethanol to 

represent more re alistic results. In the f irst pa rt, the separation ef ficiency of  

pervaporation i n e ach m embrane material is compared at va rious values of  e thanol 

recovery. Thereafter, the separation performance is further improved by introducing a 

vapor pe rmeation installed a fter t he pe rvaporation t o g ain a  de sired e thanol 

concentration at a highe r et hanol r ecovery. T o s erve t his propose, a selection of  

appropriate membrane type for vapor permeation is further investigated by considering 

the membrane availability and optimal overall efficiency. 
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Figure 5. 7 Purification proc ess configurations: a) pe rvaporation w ith hydr ophobic 

vapor permeation b) pervaporation with hydrophilic vapor permeation  
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For t he S OFC s ystem c onfigurations, va rious bioethanol p urification processes 

were considered as depicted in Figure 5.7. The pervaporation with hydrophobic vapor 

permeation a nd pe rvaporation w ith hydrophilic vapor pe rmeation w ere pl aced on a) 

and b), respectively.  A hydrophobic membrane was chosen for the pervaporation unit 

in accordance with the principle mentioned before. Ethanol recovery (REtOH

A separation performance of hydrophobic pervaporation is assessed based on the 

performance of  r eal membrane materials as su mmarized in Table 5.1. The sel ected 

membranes are PDMS, PTMSP, PDMS (ZSM-5 mixed matrix) and ZSM-5 (α-Al

) of vapor 

permeation in cases b) and c) were defined at 99%. To consume less electrical power, 

the vacuum pumps of  both pervaporation and vapor permeation were assumed to be 

operated at 0.15 atm which was feasible in practical operation.  
 

For case a ), the hydrophobic v apor pe rmeation w as installed after the  

pervaporation t o obt ain a pe rmeate s tream of  2 5 mol% e thanol a t a  hi gher e thanol 

recovery. On the other hand, the hydrophilic vapor permeation in case b) was used to 

remove excess steam permeating through the membrane until the retentate side of the 

vapor permeation contained 75 mol% water. It was assumed that the heat available in 

the permeate st ream could be recovered until i ts exhaust temperature reached 403 K 

(Wassana Jamsak et al., 2007).   

 

5.2.1 Effects of ethanol recovery and membrane material on the obtained ethanol 

concentration in hydrophobic pervaporation 
 

2O3) 

which offer the ethanol separation factor values of 6.25, 10.7, 15.5, 24, r espectively. 

The results illustrate that when increasing the ethanol recovery of  pervaporation, the 

obtained ethanol c oncentrations f rom a ll m embranes a re de clined as illu strated in 

Figure 5.8. For the membranes with low ethanol separation factor such as PDMS with 

αE/W = 6.25,  the desired ethanol concentration (25 mol%) cannot be achieved at any 

ethanol r ecovery e ven a t l ow recovery va lues. W hen c onsider of  the ot her t hree 

membranes, PTMSP membrane with the ethanol separation factor of 10.7, just a little 

higher t han that of  PDMS, merely obt ains 25 m ol% e thanol at 3 1.16% e thanol 

recovery. For PD MS(ZSM-5 mixed matrix) a nd Z SM-5(α-Al2O3) m embranes, they 

can pr ovide 25m ol%ethanol w ith m ore t han 50 % e thanol recovery (54% a nd 71 %, 

respectively). At high ethanol recovery such as 95%, Figure 5.8 shows that there is no 
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significant difference i n t he obt ained e thanol c oncentration a mong all m embranes 

regardless of membrane separation factor values. As a result of increasing the ethanol 

recovery, a high ethanol separation factor value for hydrophobic pervaporation should 

be required to achieve the desired ethanol concentration with high ethanol recovery.   

 

 
Figure 5. 8 Effect of  et hanol r ecovery with various m embrane m aterials on ethanol 

concentration using hydrophobic pervaporation. 

 

5.2.2 Performance co mparison b etween d ifferent vap or p ermeation m embrane 

types  

 

According to t he pr evious r esults i n F igure 5.8, it is  c lear t hat due  to the low  

sepration factor of  the hydrophobic membrane for pervaporation, the desired ethanol 

concentration of  25%  c an onl y be  achieved w ith s ome membrane m aterials but  the 

obtained ethanol recovery is still low. To improve its poor separation performance, a 

vapor pe rmeation i nstalled a fter t he pe rvaporation i s p roposed. T he e ffect o f 

membrane t ypes ( hydrophobic a nd hydrophilic) i s i nvestigated. P TMSP membrane 

having t he l owest e thanol r ecovery a t t he de sired e thanol c oncentration w hich w as 

regarded as the worst case is considered to be a reference case study in this section in 

order to clearly demonstrate its performance improvement. 
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5.2.2.1 E ffect of  p ervaporation e thanol recovery o n t he r equired vap or 

permeation separation factor and permeate flow rate 

 

Figure 5.9 shows the pe rmeate f low r ates of  t he hydr ophobic a nd hydr ophilic 

vapor pe rmeations a t d ifferent va lues of  pe rvaporation e thanol r ecovery of  P TMSP 

(αE/W

 
Figure 5.9 Effect of ethanol recovery of PTMSP pervaporation on permeate flow rate 

between two types and separation factor of vapor permeation. 

 =10.7)-based m embrane. T he e thanol r ecovery in a vapor pe rmeation w as 

specified at 99%. It can be observed that the permeate flow rates of the hydrophobic 

type increase gradually when increasing the pervaporation ethanol recovery. However, 

for the hydrophilic type whose desired ethanol composition of 25mol% appears at the 

retentate st ream, the p ermeate f low r ate i ncreases r apidly with increasing the 

pervaporation e thanol recovery. At the low range of  pervaporation e thanol recovery, 

the values are smaller than those of the hydrophobic membrane but the opposite trend 

is obs erved at hi gher r anges of  pe rvaporation e thanol recovery. The upper x -axis of 

Figure 5.9 showed the obtained e thanol m ol f raction in the permeate st ream of  t he 

pervaporation. T he va lues de cline f rom t he de sired e thanol c oncentration w hen 

increasing the ethanol r ecovery to a bove 31. 16%. T he right y -axis of  Figure 5.9 

indicates that it requires a higher membrane separation factor for the vapor permeation 

when increasing the pervaporation ethanol recovery.  
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The value of the vapor permeation separation factor increases above 100 at the 

ethanol recovery greater than 70%. At a  higher range of  e thanol recovery (80-99%), 

both cases require much higher separation factor to achieve their conditions. Based on 

the principle stated by Wijmans and Baker (1995), they claimed that the permeability 

data of pervaporation can be applied as a preliminary estimation for vapor permeation. 

Therefore, from the results shown in Figure 5.9, it indicates that the required ethanol 

separation f actor va lues f or hydr ophobic t ype a re not  a vailable in c ommercial 

membranes. On the contrary, the obtained water separation factor of hydrophilic vapor 

permeation is available in real membranes according to the high αW/E

 

 (Table 5.1).  

 

5.2.2.2 E ffect of  p ervaporation e thanol r ecovery on  e nergy c onsumption w ithin 

vapor permeation 
 

The results of  energy requirement including thermal and e lectrical energy were 

presented in Figure 5.10. Three SOFC systems (i.e. pervaporation alone, pervaporation 

with hydr ophobic va por pe rmeation a nd pe rvaporation w ith hydr ophilic va por 

permeation) were considered.  

Figure 5. 10 Effect of  e thanol r ecovery of  P TMSP p ervaporation on e nergy 

requirement of both types of vapor permeation 
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For hydr ophobic pe rvaporation, t he de mand o f t hermal e nergy i s the hi ghest 

compared to the other two cases especially at high ethanol recovery but it requires the 

lowest electrical power. When the other two cases are considered at the low range of 

ethanol r ecovery, an integration with t he hy drophilic va por pe rmeation c onsumes 

thermal energy a li ttle higher than in the other case. Nevertheless, when the e thanol 

recovery is further i ncreased, t he d emand of  t hermal e nergy doe s not  s ignificantly 

increase and it becomes lower than that of the hydrophobic vapor permeation at 70% 

ethanol r ecovery. A lthough t he hyd rophilic va por pe rmeation r equires l ess thermal 

energy, it consumes higher electrical power.      

 

5.2.3 P erformance e valuation of  S OFC s ystem u nder ap propriate op erating 

conditions 

 

5.2.3.1 Effects of SOFC operating voltage and fuel utilization on the net thermal 

energy (Qnet

From the above studies, the proposed purification process could offer the desired 

ethanol concentration at higher ethanol recovery by using integrated pervaporation and 

vapor pe rmeation. A p ervaporation w ith poor  e thanol s eparation f actor r ecovered a 

high amount of ethanol but the ethanol concentration was still lower than the desired 

concentration. Then, the permeate st ream was purified by vapor permeation to reach 

25 mol% of ethanol. However, an electrical power consumption was required further 

from a vacuum pump of vapor permeation as shown in Figure 5.10. Therefore, in this 

section, it is necessary to evaluate the overall performance focusing on the net thermal 

energy ( Q

) 

 

net) obt ained f rom the  S OFC s ystems int egrated w ith the  p roposed 

purification process. The effects of fuel ut ilization (Uf) and operating voltage (V) on 

Qnet are pre sented in Figures 5.11 and 5.12 for hi gh a nd l ow r anges of  e thanol 

recovery for both types of vapor permeation, respectively. At high e thanol recovery, 

Figure 5.11a) referring to the hydrophobic type shows that there is a narrow range of 

fuel ut ilization va lues which c an be ope rated a bove Qnet=0, while F igure 5.11b) 

referring to the hydrophilic type shows a  wider range of  fuel ut ilization values. This 

means the condition has the remaining heat higher than the other case at the same fuel 

utilization and operating voltage. At low ethanol recovery, Figures 5.12a) and 5.12b) 

show s lightly di fferent net thermal energy be tween the hydrophobic and hydrophilic 
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types, indicating that t he hydr ophilic v apor p ermeation p rovides the ne t thermal 

energy s lightly lower than the hydrophobic vapor pe rmeation. However, this section 

only i nvestigates the f easibility of  ope rating c onditions t hat c an s erve Qnet

 
 

b) 

 ≥ 0. An 

electrical e fficiency is another im portant pe rformance indi cator of  the  s ystem to be 

evaluated further in the next section.  

 

a) 

                                

 
 

Figure 5.11 Effects of operating voltage and fuel utilization on Qnet
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      a) 

        
     b) 

 
 

Figure 5.12 Effects of operating voltage and fuel utilization on Qnet at low ethanol 

recovery: a) hydrophobic vapor permeation and b) hydrophilic vapor permeation. 

 

5.2.3.2 Optimal efficiency comparison between SOFC systems with two different 

membrane types of vapor permeation at the condition of Qnet

In or der to ope rate the S OFC without de manding a dditional e nergy f rom a n 

external source and to achieve the highest electrical efficiency, the system should be 
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operated a t the c ondition w ith ne t thermal e nergy ( Qnet) e quals to z ero. From t he 

previous s ection, i t w as feasible t o operate a n SOFC s ystem w ith t he pr oposed 

purification pr ocess un der th is c ondition. In this s ection, the electrical ef ficiency 

comparison be tween t he S OFC s ystems w ith hydr ophobic a nd hydr ophilic va por 

permeation is studied at various values of pervaporation ethanol recovery to determine 

a s uitable p urification system f or ope ration. F rom F igure 5.13, the results obt ained 

from s imulation s tudies a re ba sed on t he f ollowing ope rating c onditions: O perating 

voltage = 0.6 V and TSOFC

 
 

Figure 5. 13 Effect of  e thanol r ecovery on the overall e lectrical e fficiency of tw o 

different membrane types of vapor permeation.  

 = 1073 K. It should be noted that the SOFC stack can be 

operated a t other va lues of  ope rating vol tage; however, ba sed on the energy self-

sufficient condition in this work, t he ove rall e lectrical e fficiency does not  va ry with 

the operating voltage. At higher operating voltage, although the SOFC stack efficiency 

is hi gher, the low er f uel ut ilization is  required in order to  le ave s ufficient f uel f or 

generating enough he at a t t he a fterburner f or us e w ithin the s ystem. The ove rall 

electrical ef ficiency gradually i ncreases w hen increasing the ethanol recovery up  t o 

75%. A t hi gher e thanol r ecovery, t he e nergy r equirement i ncluding t hermal a nd 

electrical e nergy for pur ification system ra pidly increases as s hown i n F igure 5.10. 

Accordingly, the overall electrical efficiency drops dramatically especially in case of 

the hydrophobic type represented by the dashed line.  
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The system with hydrophobic type offers the overall system efficiency lower 

than t hat w ith t he hydr ophilic t ype be cause i ts s ummation of  e nergy c onsumption 

including t hermal a nd e lectrical e nergy i s hi gher t han t hat of  t he hydr ophilic t ype 

especially at high ethanol recovery as i llustrated in Figure 5.10. As shown in Figure 

5.13, it w as found t hat t he opt imal ove rall e lectrical e fficiency ob tained f rom t he 

hydrophilic type was 26.56% at 75% ethanol recovery.      

 
 
5.2.3.3 Efficiency comparison of S OFC sys tems before an d af ter installing a 

vapor permeation unit 

 

After a suit able purification system was obtained from the previous studies, the 

overall e lectrical efficiencies f or the S OFC s ystems w ith and without va por 

permeation are compared in this section based on the following operating conditions: 

Operating v oltage =  0. 6 V  a nd TSOFC = 1073 K . A ccording t o t he u se of  P TMSP 

pervaporation with αE/W = 10.7 as a ba se case, T able 5.2 shows the r esults w hen 

installing the hydrophilic vapor permeation which was a suitable choice to be installed 

after the  pervaporation. T he obt ained e lectrical e fficiency i s 26.56%  compared t o 

10.96% of the SOFC with a pervaporation alone because it can recover an amount of 

ethanol at 75% while the base case can only recover ethanol at 31.16% for 25 mol% 

ethanol concentration. Although an additional vapor permeation requires an electrical 

power for operating the vacuum pump, it still obtains the net electrical power (We,net) 

higher than t he c ase w ith a single pe rvaporation be cause of no he at consumption 

requirement i n a separation of vapor pe rmeation a s m entioned e arlier a nd t he e xtra 

electrical p ower cons umption takes only a l ittle ef fect o n the ove rall ef ficiency. 

Therefore, t he s ystem doe s not  s ignificantly reduce the f uel ut ilization va lues. 

Moreover, it c an be  obs erved t hat the a ddition of  va por p ermeation s ystem ha s t he 

overall el ectrical ef ficiency which can overcome t he case  of  P DMS(ZSM-5 m ixed 

matrix) with αE/W = 1 5.5. N evertheless, i t s hould r equire hi gher e thanol s eparation 

factor values of hydrophobic pevaporation for a desired ethanol concentration at high 

ethanol recovery in order to gain higher overall system efficiency as seen in the case 

of ZSM-5/α-Al2O3 which shows the electrical efficiency of 34.02%.  
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Table 5.2  Efficiency comparison of S OFC sys tem be tween with and without extra 

vapor permeation  
 

Membrane 
Pervaporation 

Ethanol Recovery (%) 
(25mol%ethanol) 

Fuel Utilization 
(%) We,net

Efficiency 
(%)  (MW) 

 
PTMSP  (αE/W 31.16  
=10.7) 

 

67.75 1,765.7 10.96 

 
PTMSP (αE/W = 
10.7) with 
hydrophilic vapor 
permeation (αW/E

75 
 = 

125.2) 
 

86.5 5,392.3 26.56 

 
PDMS(ZSM-5mixed  
matrix) (αE/W

54  = 15.5) 
 

89.2 4,007.5 23.96 

 
ZSM-5/α-Al2O3 
(αE/W

71  = 24) 
 

95.3 5,666.25 34.02 

 

 

5.3 Performance comp arison of S OFC sys tem i ntegrated with d ifferent 

bioethanol purification processes 

 

 From the above studies, a hybrid vapor permeation-pervaporation process was 

proven as an efficient separation performance brought to obtain higher performance of 

SOFC sys tem following by the results on  T able 5.2 . To obvi ously s how its 

performance i mprovement, the ove rall e lectrical ef ficiency of  S OFC system us ing 

conventional di stillation c olumn a nd hybr id va por pe rmeation-pervaporation pr ocess 

should be c ompared. From Table 5.2 , a hydrophobic pervaporation m embrane of 

ZSM-5/α-Al2O3 which has t he hi ghest separation factor (αE/W = 24 ) is  further 

developed by sequentially adding a hydrophilic vapor permeation and the results of its 

system c onfigurations a re s hown i n F igure 5.14. B ased on t he ope rating c onditions: 

Operating voltage = 0.75V, TSOFC = 1073K and Permeate pressure = 0.15atm, it can be 

observed that an increase of  ethanol recovery f rom 71% to 75% shows a significant 

improvement of  the overall el ectrical ef ficiency from 34 .28% t o 45 .45%. W hen 

increasing the ethanol recovery above 75%, the remaining thermal energy represented 
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by Qnet on t he r ight y -axis i s r eleased from the system eve nthough t he f uel c ell i s 

operated at almost highest fuel utilization (UF

 
 

Figure 5. 14 Effect of  e thanol r ecovery on the overall e lectrical ef ficiency and the 

net energy (Q

 = 99%) to produce high electricity and 

reduce the residual fuel for combustion. It can be explained that the extra added vapor 

permeation required no thermal energy for its separation but consumed some electrical 

power for operating the vacuum pump, while the amount of  e thanol considered as a 

fuel can be obtained even more. Accordingly, heat and electrical power requirement of 

the sys tem can be enough supplied by S OFC without r elying on the afterburner to  

combust residual fuel to generate excess heat released to the environment. Since the 

vacuum pumps of both pervaporation and vapor permeation consume more electrical 

power followed by i ncreasing ethanol recovery until a fter 85% ethanol recovery, the 

overall electrical efficiency then obviously decreases.  

 

net) using hybrid vapor permeation-pervaporation process based on  a 

pervaporation membrane (αE/W

  The separation factor values required for the hydrophilic vapor permeation are 

presented in Figure 5.15. The values are also compared with the values of separation 

factor r equired for hydr ophobic pe rvaporation which pr ovides a n equivalent e thanol 

 = 24).  
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recovery at 25 mol% ethanol. A t 7 1% ethanol recovery, t he results show that th is 

condition requires only a pervaporation with αE/W = 24.03 which is available in real 

membrane a s s hown i n T able 5.1  a nd no t n ecessary to add a va por pe rmeation 

expressed as αW/E

 
 

 Figure 5. 15 A c omparison of  s eparation f actor be tween added vapor p ermeation 

(α

 = 1.12. For a higher ethanol recovery, the obtained separation factor 

values o f hydrophobic pe rvaporation are t oo h igh f or i ts a vailable membrane, w hile 

the hydrophilic vapor permeation can be served with real membrane material as in the 

previous mentioned statement. 

 

W/E) based on pervaporation with αE/W = 24 and pervaporation (αE/W

 Finally, t he pe rformance of  S OFC s ystem i ntegrated w ith various bi oethanol 

purification pr ocesses i .e. c onventional di stillation c olumn, hy brid va por 

permeation-pervaporation and only pervaporation are compared as shown in Figure 

5.16. Based on t he same e thanol recovery (75%), the results indicate that a us e of 

combined hybrid va por pe rmeation-pervaporation is regarded a s having t he best 

performance f or S OFC sys tem w hich can offer the overall e lectrical ef ficiency 

(45.46%) of about 2 t imes compared with using a distillation column (22.53%). In 

case of  using only a pervaporation, i t can be merely obtained the overall e lectrical 

efficiency at 36.46% because i ts overall system requires more thermal energy than 

the c ase of  hybr id va por pe rmeation-pervaporation which ha s a coo ler at  va por 

).  
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permeation’s pe rmeate stream t o recover va luable he at f rom st eam t o supply the 

preheater o perated at 1023 K a s s hown i n F igure 5.7b) . T hen i ts S OFC uni t c an 

utilize fuel at high level (96.35%), resulting in the highest overall performance apart 

from the case of distillation that its SOFC utilizes less fuel to have enough residual 

fuel f or c ombustion s upplying he at t o a ll h eat-demanding uni ts e specially the 

reboiler. H owever, t he pow er de nsity of  hybr id va por pe rmeation-pervaporation is 

lower than the other two cases because larger SOFC area is r equired to operate at  

high fuel utilization. 

 

 
 

Figure 5. 16 Performance com parison of S OFC sys tem i ntegrated w ith different 

bioethanol purification processes based on Qnet = 0 (REtOH = 75%, V = 0.75V, TSOFC = 

1073K, Pp

 

 = 0.15atm).  
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CHAPTER VI 
 

CONCLUSIONS AND RECOMMENDATIONS 

 
6.1 Conclusions 

 

 A pervaporation was applied as a bioethanol purification unit for improving a 

performance of  SOFC system in this r esearch. A selection of appropriate membrane 

type f or p ervaporation i ncluding hydrophilic a nd hydr ophobic m embranes was 

investigated. A hydrophobic membrane was still considered a suitable membrane type 

for pur ifying di lute bi oethanol by pervaporation due t o l ow e nergy c onsumption, 

although the availability of this membrane type with high separation factor was one of 

the c oncerns pa rticularly w hen t he pe rvaporation w as ope rated a t hi gher e thanol 

recovery. A fterwards, a vapor permeation w as i ntroduced t o i nstall a fter a 

hydrophobic pervaporation which was a way to solve the problem of its low separation 

factor. This proposed purification process can obtain a  desired e thanol concentration 

of 25mol% with higher ethanol recovery. It was found that a hydrophilic type was an 

appropriate membrane f or va por p ermeation s ince i t c an carry ou t a  h igher ov erall 

system el ectrical ef ficiency than that of  t he hy drophobic type a nd a lso its required 

membrane sepa ration factor w as possibly available i n real m embrane materials. 

Although a vacuum pump of  hydrophilic vapor permeation consumed high electrical 

energy at a hi gher e thanol recovery t o r emove l arge amount of  s team t hrough a  

membrane, the total energy requirement was still less than the other case because the 

required he at i s m ore critical than the r equired el ectrical p ower. Furthermore, there 

were some conditions at which the system can be operated under energy self-sufficient 

mode by a djusting pr oper ope rating pa rameters. Based on P TMSP pervaporation 

regarded as a poorest separation performance among the se lected membranes, it can 

offer the overall electrical efficiency of about 2.4 times when installing an extra vapor 

permeation unit com pared to the case of using a  pervaporation a lone. Thereafter, 

ZSM-5/α-Al2O3 pervaporation membrane having the highest separation factor (αE/W = 

24) among al l selected m embranes was chos en for the hybrid va por pe rmeation-

pervaporation process. From the system s tudy, i t was found that the obtained values 
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for separation factor of hydrophilic vapor permeation at high ethanol recovery ranges 

(85-95%) is higher than the separation factor values of hydrophobic pervaporation but 

these values are still unavailable in real membrane. Moreover, there still remain some 

useful t hermal e nergy i n t he S OFC s ystem when us ing t he m embrane ( ZSM-5/α-

Al2O3 with αE/W = 24) for pervaporation in the proposed purification process operated 

at higher ethanol recovery. Finally, the performance of SOFC system integrated with 

the proposed purification process using this membrane was compared to those of the 

system us ing hi gh-energy distillation column to clearly show i ts ef ficiency 

improvement. As a result of  t he b ase case s tudy, the ov erall e lectrical ef ficiency 

received from the proposed purification process (45.46%) can offer about 2 t imes of 

the c ase u sing a distillation c olumn ( 22.53%). P articularly a t t he s ame e thanol 

recovery ( 75%), the hybrid va por pe rmeation-pervaporation can offer t he ove rall 

electrical ef ficiency more t han using only a hydrophobic pe rvaporation ( 36.46%), 

indicating t hat the ne w pr oposed pur ification pr ocess in t his r esearch h as b een 

regarded as the best alternative. 
 

6.2 Recommendations 
 

 6.2.1 I n t he pr esent s tudy, t he bi oethanol-fuelled SOFC system was 

investigated us ing simplified mathematical m odeling to demonstrate its f easible 

performance i mprovement w ith t he pr oposed m embrane s eparation pr ocesses. I t i s 

recommended t o de velop m ore s ophisticated m athematical m odels in order to 

represent more realistic results. The effects of various important operating parameters 

(e.g. temperature, feed composition and permeate condition) should be investigated to 

find optimum operating condition and design.  
 

 6.2.2 Since a membrane separation unit is usually costly, the economic analysis 

should be  further investigated to evaluate whether t he SOFC system i ntegrated with 

hybrid va por pe rmeation-pervaporation process c an of fer s ome worthwhile be nefit 

with agreeable investment expenditure. 
 

 6.2.3 T he f inal c ase of  us ing hydr ophobic pe rvaporation having αE/W = 24  

incorperated w ith the S OFC s ystem s till s hows s ome a vailable he at e mitted to 

environment. Accordingly, it is recommended that excess heat should be recovered by 

adding combined heat and power (CHP) cogeneration units i.e. turbine, recuperator to 

increase the efficiency of SOFC system. 
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APPENDIX A 
 

THERMODYNAMIC DATA OF SELECTED COMPONENTS 

 
 

Table A1 Heat capacities of selected components (Cp

Components 
 
 

) 
 

Cp = a + bT + cT2 + dT3 + eT4   [J/mol K] 

a b× 10 c× 103 
d× 105 e× 108 13 

Ethanol 
 27.091 110.55 10.957 -15.046 461.01 

Water 
 33.933 -8.4186 2.9906 -1.7825 36.934 

Methane 
 34.942 -39.957 19.184 35.103 393.21 

Carbon monoxide 
 29.556 -6.5807 2.0130 -1.2227 22.617 

Carbon dioxide 
 27.437 42.315 -1.9555 0.3997 -2.9872 

Hydrogen 
 25.399 20.178 -3.8549 3.1880 -87.585 

 

 
Table A2 Heat of formation (Hf) and entropy (S0

Components 

 

) of selected components  
 

Hf = a + bT + cT2
S    [kJ/mol] o 

[J/mol.K] a b× 10 c× 103 5 
Ethanol 

 -216.961 -69.572 3.1744 282.59 
Water 

 -241.80 0 0 188.72 

Methane 
 -63.425 -43.355 1.7220 186.27 

Carbon monoxide 
 -112.19 8.1182 -8.0425 197.54 

Carbon dioxide 

 -393.42 0.1591 -0.1395 213.69 

Hydrogen 
 0 0 0 130.57 

 

 



70     

 

 

APPENDIX B 
 

THERMODYNAMIC CALCULATIONS 

 
 

B1. Determining Gibbs energy (G) at any temperature 
 
 
       Calculation by these equations: 
 
 
 

G  =   H  -   TS        (B1) 
 
 

                          dG  =   dH  -   d(TS)            (B2) 
 
 
 

      Integrate the above equation and obtain the solution: 
 
 
 
                        ∫𝑑𝑑𝑑𝑑 =  ∫𝑑𝑑𝑑𝑑 −  ∫𝑑𝑑(𝑇𝑇𝑇𝑇)          (B3)  
  
       𝑑𝑑𝑇𝑇   −   𝑑𝑑𝑇𝑇𝑇𝑇𝑆𝑆   =     ∫ 𝑑𝑑𝑑𝑑    −      ∫ 𝑑𝑑(𝑇𝑇𝑇𝑇)𝑇𝑇

298
𝑇𝑇

298                (B4) 
 
 
 
where 
 
 
 
                 𝑑𝑑𝑓𝑓(𝑇𝑇)    =      𝑑𝑑𝑓𝑓𝑜𝑜     +      ∫ 𝐶𝐶𝑝𝑝

𝑇𝑇
298 𝑑𝑑𝑇𝑇                        (B5) 

 
                    𝑇𝑇(𝑇𝑇)   =     𝑇𝑇𝑜𝑜   +     ∫

𝐶𝐶𝑝𝑝
𝑇𝑇
𝑑𝑑𝑇𝑇𝑇𝑇

298                              (B6) 
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B2. Determining the equilibrium constant (K)  
 
 

                         𝑑𝑑𝑇𝑇   =     𝑅𝑅𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅                                                 (B7)               
 
 

Rearrange the equation: 
 
 
 
                          𝑅𝑅   =     exp(−𝑑𝑑𝑇𝑇

𝑅𝑅𝑇𝑇
)                                           (B8) 
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Soottitantawat, A. Arpornwichanop, N. Laosiripojana and S. Assabumrungrat; “Effect 

of membrane type on p erformance of bioethanol-fuelled solid oxide fuel cell system 

integrated w ith pervaporation”, Regional S ymposium on C hemical E ngineering 

(RSCE 2010), Bangkok, November 22-23, 2010 (oral presentation). 

 
National Publication 
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