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CHAPTER I

INTRODUCTION

The rapid growth of e conomy leads to a high demand of energy especially
electrical p ower in order to support 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
etal., 2003). According to this reason, onée.€hoice of interest is fuel cell technology
because it can fulfill t he requir€ment of both ¢ ffective and c lean pow er ge neration
unit. It converts the chemical encrgy of hydrogen fuel directly into electrical power
and releases steam as @ hammless produet. Solid oxide fuel cell (SOFC), one type of
fuel cel Is, has offered"many a dvantages, f or e xamples, f lexibility of various fuels
usage, heat recovery cogencration, fast kil__qetic rate and internal reforming. In addition,
SOFC can reduce em issiong of greenhous ¢ g as and air pollutants c ausing serious
environmental impacts.

Selection of appropriate fuels for fuel -’éjéll 1s a cr ucial issue. Fuels should be
ecological friendly and de rived-from sustainable e nergy resources. In c ontrast, non-
renewable fossil f tels—should-—be-a-voided.—Reinewable. 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 for fuel c ell such as m ethane, methanol,
biogas, e thanol~and jammenias A Il of these fuels; can, be, reformed into hydr ogen-
containing gas.. Methane i s'an ‘attractive choi ce'for fuel'cel 1 be cause of its high
hydrogen to c arbon ratio (Naidja et al., 2003). Ammonia is_another c hoice since it
releases zero-carban emissioni(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, itis inevitable that using these fuels may 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.



Among the various biofuels, bioethanol is a particularly promising fuel due to
anum ber of be nefits: hi gh hyd rogen ¢ ontent, a vailability, non -toxicity, ease of
handling and storage (Meng Nietal., 2007). Moreover, bioethanol can be derived
from va rious biom ass sources suc h as suga r cane m olasses, lignocelluloses an d
agroindustrial wastes (Comas et al., 2004) by fermentation 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 order to be an ¢ ffective fuel for a fuel cell, water must be
removed from bi oethanol by pur ification’ 10 ebtain a h igher e thanol ¢ 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 etgs Ineprevious w ork, t he S OFC s ystems i ntegrated with
distillation was examined (Jamsakiot -al 2007). 1t was found that the systems have
somewhat 1 ow e lectrieal e fficiencydue to I imitation of hi gh reboiler he at du ty
consumption. Adsorption unit seems to bé!r_a- low energy consumption system but this
unit faces the problem in wsing plenty of a-'ds(')'rption agents when it operates at large
scale. It is difficult to regenerate adsorptioﬁi%t‘gents and to achieve high recovery yield
of ethanol (Chang et al., 1998). Pervaporatfbh .ji:ﬁembrane separation is an interesting
choice. As the pervaporation does not de pendbn thermodynamic equilibrium, it can
avoid t he a zeotropi¢ problem occurred with ethanol/watcr sys tem. It also requires
lower energy c onsumption compared with a distillation’because pervaporation relies
ont he d ifferent ability ,of each substance which a dsorbs and di ffuses through
membrane material. Although‘some pioblems may occur with pervaporation such as
high capital cost, thermal instability and short life time, in the energy point of view,
SOFC systems produce.both electricity and thermal energy; Installing a pervaporation
can reduce burden 'of SOFC unit'in'¢asc of distributing much thermalenergy 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 1l sys tem f ed by bioethanol i ncorporated w ith

pervaporation unit. Firstly, Selection of appropriate pervaporation membrane type for



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 is further improved by i nstalling
vapor pe rmeation a s an extra separation unit after pervaporation. The a ppropriate
membrane t ype f or va por pe rmeation is a Iso i nvestigatedt o's erve a n opt imal
efficiency of the system. The el ectrical efficiencies of t he s ystem before and 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 improve

AU INENTNEINS
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CHAPTERII

THEORY

2.1 Fuel Cell
2.1.1 Fundamental Principle

A fuel cell is an electrochemical reactorwhere the chemical energy of fuel gas
is directly converted into eleetricity (D C), heatsand water. It c onsists o f three main
parts, a cathode (positive ¢ lectrode), an anode (negative e lectrode) separated by a n
electrolyte. Ithasa curreatCollector which is eonnected between two electrodes
through an external ¢ 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 ecll is schematically shown in Figure
2.1. Unlike the conventionalibatteries, fuef.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 wh11e the fuel 1s fed to the anode side releasing electrons
from a hydrogen oxidation reactlon Electrons pass through an external circuit, whilst

the ions transfer across the electrolyte The products froma th1s reaction are water and

heat.

Hydrogen fuels

l

Anode

Electrolyte Load

Cathode

T

Oxidant gases

Figure 2.1 The general diagram of a fuel cell



2.1.2 Components of Fuel Cell

A fuel cell fundamentally contains major components of electrolyte, cathode
and a node ass howninF igure 2.1 . When the cel Is 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 coenducting media,pceforms as a carrier medium of either

oxide-ion or proton. The preferred materials forelectrolyte are:

- Low electrefiic conductivity ‘I—electrolyte with high e lectronic ¢ onduction
can cause highergoltageloss..

- High ion conductivity 3

- High mechanigal and thermal éﬁeﬁgth.

- Low gas leakage through an elé;trolyte

s J
v il

2.1.2.2 Anode/Cathode electrode =1

For an anode electrodeq, hlgh electronic _c-.or;ductivity is required for transferring
electrons because the,réaction occurred on the anode side ié oxidation which normally
releases electrons. The materials' m ust have thermal ¢ xpansion ¢ ompatible with
electrolyte and interconnector. Tolerance to,impurities in fuel gas is needed for anode
materials and it'also should have a catalytic property which! is es sential for a fuel

oxidation reaction (Fergus, 2006).

The'reduction reaction-of‘an‘oxidant' gas occurred-on the'cathode to complete
its mechanism. The required property for the cathode is high electronic conductivity
typically in term of electron receptor. The material used in 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.



2.1.2.3 Interconnector

The role of interconnector is to separate between the cells 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 typesof fuel cehls categorized by electrolyte materials which

are related with anode fuéls and o perating t emperature. The characteristics of these

fuel cells are shown in‘Table 2410, | |
_ \, 4

d

Table 2.1 Characteristics of differf'eljl‘t typeé-;&f ;r:uel cells
v ol

4l

()Ji).efa;ing T r
Fuel Cell Electrolyte temperature e a‘iﬂF uel | Oxidant Efficiency
Type i3 () 54 %)
Potass'ru{_ﬁ ; ‘# o
AFC hydroxidg___ 323-473 H, ', Hydrazine '] 0, ,air 50-55
DMFC o T8 333-393 CH3 OH,;'H,O 05,,Humid 40
membrane .
air
PAFC By - 433-483 H, O, AIr 40-50
Molten salts i.e.
MCFC carbonates, 903-923 H, ,CO, CH, O, , CO,, 50-60
nitrates Air
Hydrated
PEFC Polymeric Ton 323-353 H, 0, , Air 40-50
Exchange
Membranes
Fluorite
SOFC (Ceramics) 873-1273 H, ,CO, CH4 0, , Air 45-60




Fuel cells have been used for several applications. The appropriate selection of
these fuel cells depends on power requirement i n e ach us age, appropriate s ize for
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 stationary fuel cell namely Phosphoric A cid Fuel Cell (PAFC), Molten
Carbonate F uel Cell (MCFC), and S olid O xide F uel C ell (SOFC) are suitable for

medium-to-large power generation.
2.1.4 Advantages and Disadvantages of Fucl-Cell

Apparently, hydrogen based fuel cell becomes a versatile power generator, releasing
both he at a nd e lectricalpow er, /that is s uperior t © ¢ ommon pow er ge nerations.
Nonetheless, fuel cells atthe present time are still limited in usages due to facing of

competitive manufacturing/cost and shortlifé time,

2.1.4.1 Advantages 9 V‘ |

A
=3l

Higher e fficiency t han c onventional ‘:éf(')mbustion heat engines. B ecause of

direct e nergy-¢ onversion a nd no m ov1f1g partinthe energy converter, so it
reduces the enefgy 165Ses in fuel cells:

e Without bur ning f ucls, fuel ¢ ell releases onl y w ater a nd help r educe the
emission of NOy, SOy and particulates to atmosphere.

e Fuel cells can be used in various fuels apartfrom fossil'fuels. The flexibility of
fuels takes fuel cells away from limited energy resources.

¢ /Silentioperationtowing to-alack ofimoving parts:

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

e Able to be an unattended/remote operation.

2.1.4.2 Disadvantages

e Alternative fuels i.e. methanol, biogas and methane require reforming process.
During reforming stages, it is possible that this process can release po lluted

products via utilizing hydrocarbon feeds.



e Technology is stillat 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.

e High m arket e ntry c ost, | ess ¢ ompetitive c apacity than conventional power
generations.

e Operational te mperature ¢ ompatibility, durability unde r s tart-stop c ycling
concerns.

e Almost no i nfrastructure tosupport 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! Onithe other hand; its folerance benefits various fuels usage. It
operates at high temperaturciabout 873—1,i73 K. Due to high temperature operation, it
is not necessary to use expensive noble m'e"t:al"'-as a catalyst and also enhance the fuel
reforming within the cell at the anode side.-_”‘ffli.s‘._‘reduces the complexity of system and
capital cost for installing an external reformer. ‘ﬁowever, operating at high temperature

leads to slow energy distributed étartup and short-life of SOFC structural material.
2.2.1 Principle of SOFC operation

Generally, SOFC ope ration ¢ an b €.di vided into two types of e lectrolyte;
namely, O xygen i0n clonducting e lectrolyte and P roton ¢ onducting electrolyte. The
main difference between these electiolytes is the location of water,formation produced

from fuel cell occurs in opposite cell sides as shown in'Figures 2.2and 2.3
The electrochemical reaction of the SOFC-H"

Anode : 2H, = 4H + 4e 2.1)

Cathode : O, +4H + 4 = 2H,0 (2.2)
Overall : 2H, + O, = 2H,0O (2.3)



Y

Load

A 4

e e H,0

0,

Anode  Electrolyte  Cathode

Figure 2.2 Operational pringiple of SOFC-H" operation

The electrochemical reaction of the SOEC-O*

Anode : . 07/ & H,0 *#52¢ (2.4)
1 L 72 RN
Cathode : EOZ y P O (2.5)
Overall : EHF - O, , 2 L0 (2.6)
AT ol >
Hzo e- a “'-_ l. = - e-

<
S,
o
[ |

—
e

Anode _  Electrolyte Cathode

Figure 2:3 Operational prinéiple of SOFC-O* éperation
2.2.2 Characteristies 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 sides, 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.
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2.2.2.2 Polarizations

Although the OCV is the theoretical maximum ideal voltage, the actual voltage
of S OFC 1 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 at the e lectrodes. S ome e nergy i's/ equired to o vercome e nergy barrier a s
activation energy for e lectrochemical r eaction, 1 .e. a dsorption of r eactantont he
electrode surface and de sorptionof pr ()-Jcluct out-of the surface. Normally, activation
polarization dominates atdow etizrent density regions and the characteristics curve is
non-linear. H owever, a thi ght cmperatlfre ope ration of S OFC, t he rate-determining
step isve ry fastr esulted in small va lue of | activation polarizations. T he | inear

et

characteristic curve can bemoticed: .

b) Ohmic Polarization ‘
¥
Ohmic polarization results f rom tﬁef’i?é sistance of ions flow within the
electrolyte and resistance of electrons flow through the electrodes. Ohmic polarization

is a major loss in thesSOFC stack when compared to othetlosses.
c) Fuel Crossover or Internal Current Polarization

Typically, anelec¢trolyte’s hould petmit only ionsransported through the cell
and no fuel crossjover the electrolyte. Although fuel crossing through an electrolyte or
electrons, leaking to.an.electrolyte is possibles, the fuel ¢rossoverlass is very small

amount.
d) Concentration Polarization

Concentration pol arization i s ¢ aused by ¢ 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 tweent he ¢ oncentrations ine achr egionc auses this typeo f



1"

polarization. A tlow er ¢ urrent de nsities a nd f uel ut ilization. The ¢ oncentration

polarization is very small.

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

Ideal Yoliage

Cﬁ Regian of Activation Polarization

Cell
Voltage

Figure 2.4 Schematic'of idea an(jz‘%t,}m c in a fuel cell (Kakac et al., 2007)

2.2.3 Reforming operatio of f-@.:. << 4
ey g

SOFC can b2 mmm““ﬁ‘"ﬁ?ﬁiﬁ” hydrogen i.e. methanol,

ethanol, biogas. However, . ‘ﬁvi into hydrogen before being

fed to SOFC. Therea ret hree m odes for S OFC r eforming ope rations; E xternal
Reforming ( ];E !ﬂ 1 ﬁﬁw a ﬁ ct Int ernal Reforming
(DIR). Each zln ﬁ j‘ 5 in Figure 2.5

9 mmmm URNINYIAY

External
Reformer

Fuel =

Cathode side ——
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b)
Fuel —#_Reformer -
5 T ;
-_-I_-:-uf-:-:u:-:-:-:r:-:-u:-:l-__
I—. Cathode side
Alr —
c)

Fuel & 7% Anode side

THthode side
v I‘ e

Adr

\

Figure 2.5 Type of reformingoperation of SOFC: a) ER-SOFC, b) IIR-SOFC, ¢) DIR-
SOFC Nz v
y

Fromt heset ypesof 't "eforming;'-t' he location of r eformings ectioni s
significantly different. As the electrochemlcral‘ reaction is exothermic, releasing steam,
while the reforming reaction is endothennlé;thlé reaction can transfer heat and steam
each other. For ER in Figure 2.5 a) the reFormmg sectiop.and SOFC are completely
separated. Heat and stcam-from SOFC section-donot 1nvolve 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: ForDIR‘inEHigure 275 ¢), the reforming and SOFC

sections are located together. Therefore, this sy stem can benefit a full advantage of

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 installingonly SOFCunitis not
enough t o i mprove t he pr ocess pe rformance. Some extr a proc ess eq uipments ar e
provided to support electricity production. These components are called “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:
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2.2.4.1 Fuel processing section

The role of this section is to modify the incoming reactants to be in proper
conditions before being fed into the SOFC. Conventionally, a fuel is reformed into
hydrogen in a reformer s eparated from S OFC to a void ¢ oke formation 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 isused asa separation unit for purifying
ethanol to the desired concentrationbefore being fed into the reformer.

- A reformer converts concentration-modified ethanol into hydrogen fuel for
the SOFC unit.

- A compressor igitised (o increase the pressure of the gas stream line to be in
a proper condition before being fed into a reformer.

- Avacuum pumpisa partofp 't_:rvaporation unit to c reate the pressure
driving force enhanced separatf"qﬁ performance of pervaporation.

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

fuel and oxidant feeds t6-be at a's':u_itable condition.

i

2.2.4.2 Electrical power genération S

This is a major-process section in a power generation system. [t contains an
SOFC uni t s equenced after the fuel pro cessing section. The SOFC is f ed with
bioethanol-derivédshydnogen and produces-directscurrentpow-er via el ectrochemical

reaction.

22.4.3 Heatrecavery 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 and 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 ¢ onditioning ¢ onsists of a unit w hich c onverts direct
current from SOFC into alternating current for actual usage. In addition, the DC-AC
converter is also 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 fuel can be ¢ onvertedd ntohydr ogen. R eforming o fe thanol
provides a pr omising method for hydr ogen pr-oduction f rom r enewable s ources.
Different cat alysts suc h as nen -noble m etals and noble m etals ar e r esearched for
ethanol r eforming.  Refosming Operation-modes for hydr ogen pr oductionc anb e

classified into three main types:

e Steam reforming
e Partial oxidation

¢ Auto-thermal reforming

From t hese pr oposed ope ration modes, selec-t1on of e ach r eforming operation is
considered from 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 duet o e ndothermic r eaction. In case of
focusing on less system complexity.and | integration, the exothermic partial oxidation
is com patible for t hese r equirements si nce no exte rnal h eat source and steam are
requireds, (Vourliotakise t-als2009) Howevery theghydrogen s-electivity of pa rtial
oxidation. is low. Auto-thermal reforming or'oxidative steam reforming is proposed as
another ¢ hoice t o improve the hydrogen pr oduction. Sincei 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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Autothermal Reforming
Qhpeat= minimum

Oxidative Steam
Total Oxidation Partial Oxidation Reforming Steam Reforming

<4— Exothermic

Nu=0 Nco= Maximum N2= Maximum

Figure 2.6 Various qp\r\t‘/ﬁwdes of Ethanol reforming
S W Z

Because ethanol r@proc&ss 1@% as a pa rt of fuel processing

drogen as high as possible in

section and the objecti
order t o enhance the m a fuel cell. The e thanol
steam reforming is t WO highest h'sogen yield compared to the

other operation modes.

2.3.1 Ethanol steam refor.

The studies on steam refo ufgm ethod @1 nterest by a num ber of researchers.
Ethanol steam reforming appears at hlg?ﬁ%auﬂes compared to methanol steam

reforming and a lsof&leases hi gher ¢ arben—m—m%nts inthe outlet s tream

(Amphlett et al. 1981£ Because the tar%’ ‘

inhibit coke format10 he se lectlon of a suit able cata tplays a crucial role due to
each catalyst 1 ﬁ 1 and non-noble metal
catalysts- are ﬁ ﬁ g‘ ﬁﬁ:ﬁiﬁ w:&l]}‘j ﬁ:ﬁasts for ethanol s team
reforming (Meng Ni et al., 2007). In' practice, there are a numbenof possible reaction

i) ST b v @ bl b ) 7

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

¢ hydrogen selectivity and

reaction is

C,HsOH +3H,0 — 6H, +2C0, (AHY, =+173.5 ki/mol) 2.7)
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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

C,HsOH + H,O — 4H, +2CO  (AHS,, = +256 kl/mol) (2.8)

C,HsOH +2H, — 2CH4 + H,O (AI‘[;98 =-157 kJ/l’IlOl) (29)

These reactions release a lower hydrogen production including byproducts. In addition,

the other reactions regarding to ethanol can be occurred namely:

Dehydrogenation

C,HsOH — CH;CHO +M5 ( AH 5 = +68 kJ/mol) (2.10)

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

acetaldehyde occurred can bg further reacté@ by two reactions:
- Acetaldehyde decomposition =
C,H,0 — CH, +CO (AHE = 2 1 Kjmol) 2.11)
- Acetaldehyde steanmi reforming

C,H40 + H,Of.>43H37 + 2C0 (AH S5, =180 kI/mel) (2.12)
Dehydration

C,HsOH — C,H4+H,0 (AHZ,, = +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:

C,H4 — polymeric deposits (coke) (2.14)
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Decomposition

C,Hs;OH —» CO+CH4+H, (AH 3, =+49 kJ/mol) (2.15)
2C,HsOH — C3HqO + CO +3H, (AHj, =98 kJ/mol) (2.16)
C,HsOH — 1/2C0O, + 3/2CH4 (AH 55, =-74 kJ/mol) (2.17)

reactions

CO + 3H, — CH4+I-7' AH % (2.18)

Reaction of de composition produ. /) onverted to methane via the following

(2.19)

The decomposition o gen production and may lead to the

\ oxide a nd methane pr oducts as

\\

appearance of coke fo

following reactions:

- Methane decomposition /ﬁ'—#f Ay ,

CH; — 2H, +C ’%:“"'—"‘fﬁ'f (2.20)

AVEEYY IR U
)

- Boudouard reaction m Iﬂ

o offH TN INTHEART  on
ok TR TALTIR ey TSN Ty

coke formatlon

CO +H,0 — CO, +H, (AH?,, = -41.32 kJ/mol) (2.22)
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2.4 Pervaporation Membrane
2.4.1 Fundamental Principle

Pervaporation isa m embrane-based separation process to separate | iquid
mixture using different ability of each liquid which dissolves and diffuses 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
i1s i n ¢ ontact w ith one s ide of t he m embrane. Ln the membrane s ection, absorbed
liquids are under VLE condition and all partial*vaper pressure are at saturation. The
driving f orce of pe rvaporation-is t he Bressur e gradient b etween t he feed andt he
permeate side of the membrane created by vacuum pump or an inert purge stream in
order to reduce permeateSi de'patial vapor pressure. The p ermeate product through
the m embrane f ollowed by ¢ vaporatiori-i"é removedasa 1 ow pr essure va por i nto

another side and then ¢ondensed fo liquid state.

Feed A R_elentate
_ Liquid L

Vapol

Condensor |- - .
- Yacuum pump

Permeate

Figure 2.7 The schematic diagram of apervaporation process

2.4.2 Characteristics and Importantterms 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



19

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(-E./RT) (2.23)

where E, 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:

L
7(p,-0 o 7, (2.24)

where p,, and p,, are the'partial yaper pré‘"ssures i on the feed and permeate sides of

the membrane, respectively. £isthe membrane thickness, and P, is the permeability.

D, can be w ritten i n a nother tefin de aHn'g"W ith vapor-liquid equilibrium ( VLE)

condition in a membrane phase as folfows:

P
Ji — l (}/tf)xil;piot _ptp) (2'25)

where ! is the activity goefficient of component i on the liquid feed side, x is liquid

sat
io

mole fraction of component.i in the feed side and; p; " is the saturated vapor pressure

of pure component 7.
2.4.2.2 Membrane separation factor

This parameter is the ratio of the mole fractions of desired component 4 and

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

«, = YalVs (2.26)
X,/ x,
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2.4.2.3 Membrane permeability

Permeability is the coefficient with re spect to the driving force e xhibited in
terms of partial pressure and is related to the sorption coefficient (K;) and membrane

diffusion coefficient (D;):

B = DK, = J——— (2.27)

where K; and D; usuall d 3 Y&T he r elationship of't hese t wo

parameters and temw K XPW Arrhenius-type re lationship.
. APLS

Normally, the permeabili

When t he m ex ickness i's unknow. embrane pe rmeance — a

component flux divided 1 ‘ﬁ _ ‘_ an ed. Permeance unit is defined as

(2.28)

2.4.2.5 Membrane selectwlg

AUNINYNINYNS

This parameter is defined as the ratio of the permeabilities or permeances of

R TP YTE TR o

membra

P/l
= 0 (2.29)

P = P/l

oo

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 = —£ (2.30)
m

2.4.2.7 Concentration factor

Concentration factor (CF) is defined as the ratio of molar (or mass) fraction of
desired component i in the permeate stream to that in the feed stream (Sonietal.,

2009).

CF A (2.31)

2.4.3 Practical Applications of Pervaporation
|
At present, an overview of the pot‘_eﬁtial practical applications of pervaporation
is classified into three main ateas (Kujawé},»:i,‘ZOOO):

2.4.3.1 Separation of water from aqueous Iiﬁ)_gt;lres

For the r emoval of w.ater ftrom wat%rlgrganic liquid, hydr ophilic m embrane
materials have to be s¢lected. The hydrophilic property is.eaused by groups present in
the polymer chain ate‘able to interact with water molecules. Examples of hydrophilic
membrane ma terials ate: ionic pol ymers, polyacryloniteyle (P AN), polyvinylalcohol
(PVA) and pol yvinylpyrrolidone ( PVPD). “Fhe 1 ndustrial de hydration processes t hat

can be separated by petvaporation are:

2. Dehydration of 'water-organic a zeotropes suc-h as w_iater-ethanol, water-
isopropanol and water-pyridine.

- Dehydration of organic reaction 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 shiftth 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 from water/organic 1iquid, 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
VOCsisa source of air pollution and groundwater pol lution. Pervaporation c an be
used f or e ffectively removing V.OCs fromw'ater. by  using specially de signed
hydrophobic membrane i.e. organophilié membrane. In addition, other applications of
pervaporation for removiag organics are: separation of bioethanol from fermentation
broth, removal of chlorinated hiydrocarbons, wine and beer dealcoholization, recovery
of high-value aroma compounds (ﬂavors;-ffagrances, and essential oils) from aqueous

or alcohol solutions.

2.4.3.3 Separation of Organic-Ofgahic liqﬁ_i-;g.;l fhixtures

For t he m ixture of t wo or ganic 11_qu1ds, t hree ki nds of m ixtures ¢ an be
differentiated: pol ar/non-polar, polar/polaf ar nd non /-polar/non-polar m ixtures.
Membrane material ha to be selected depending on which types of component — polar
or non -polar, t o r emove t hrough the membrane. Forthe s amet ype mixtures | ike
polar/polar or non-polar/mon=polar, it is difficult to separate. The separation has to take
place on the criteria of differencesin molecular size and| shape. Membranes must be
custom-designed-for specific process.objectives. Membrane material such as ceramics
has béen us ed las.f he sel éctive! batriers'i n| pervaporation: “Thére 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).



CHAPTER III

LITERATURE REVIEWS

3.1 Purification process of Ethanol/Water mixture for SOFC system

The distillation c olumn was incorporated into the SOFC system designed by
Jamsak et al. (2007) to purify ethanol from dilute bioethanol solution in order to obtain
an appropriate composition for SOFC fuel feed. The bioethanol feed at Smol% was
introduced to the distillation column before fecding 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 goncentration of 25 mol% was cons idered as a suitable
concentration for e thanol sifeamr efonhing r eaction producing hi gh hydr ogen rich
gases. Thermodynamic assessment of-the _;qystem was 1investigated, especially focusing
on distillation energy consumption./T he simulations w ere ¢ onducted unde r s elf-
sustained energy operation condition (Qnet;O)'.'to perform overall electrical efficiency
and other essential results. Adjusting SOF € system configurations such as operating
voltage and fuel utilization could obtain no éé(tfgrnal energy demand for the operating
condition. F or a distillation celumn, the e thanol r ecovery at 80% could offer an
optimal electrical efficieney-undeiOne—0-Nonetheless;-the designed SOFC system at
that condition gained semewhat low pe rformance (0.32 W/cm®, 173.07 kW , overall
electrical efficiency is 33.3% at Ur = 80%, Rgion = 80% and Cgion =41%) owing to
high r eboiler heatdutyyc,onsumption: F urthermere,.a, liarge-a mount of heatin a
condenser was' not'recovered. Therefore, it wasnecessary to have some methods to

improve the performance of SOFC-Distillation system.

Afterwards, Jamsak et al. (2009) studied the use of a heat exchanger network
for 1 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 ¢ olumn including c athode r ecirculation from the 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 avoid the pinch problem related to the air inlet

temperature. The results were found that by eliminating the high temperature distillate
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heat exchanger, the total cost index could be reduced. The performance obtained from
this m odified S OFC s ystem gave the overall e lectrical efficiency of 40.8%, 54.3%
Combined Heat and Power (CHP) efficiency, respectively, as well as 0.221 W/cm? for

power density.

After discovering the faults when using a distillation column, a low-energy
pervaporation was proposed instead of the previous purification unit for bioethanol-
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 ¢ omparing w ith two di ffer€atpucification units. Atthe based case
(Onet=0, Reion = 80%, Operating Voltagé = 0.7V, Lsorc = 1073 K), the results showed
that the overall electricaleffigiency obtained from using the pervaporation of fered
42% compared to 34% ofdistillation column integrated with the system. However, the
results indicated that the gthanol separatidri"'factor at high values were required when a
pervaporation was operated athigh ethanZél recovery to achieve its high performance.
Therefore, it should be «€ongerned on the ‘a_Vail_ability of the pervaporation membrane

materials in a later study.

i

3.2 Pervaporation for Ethanol/Water sep_:if_z_ttipn

Among the various separation technologies, membrane-based pervaporation is
an interesting alternative becausc o f1ts high separation efficiency with 1 ow e nergy
consumption. Kumar e td l(2010) s howed the energy requirements of purification
processes i.e. Distillation processes (Azeotropic, Low pressure, Extractive distillation),
Solvent extraction and pervaporation for producing anhydrous ethanol. It was found
that pérvapotration- was t-egardeéd asbe ‘ing't he 1 owest e nergy clonsumption uni t
compared t ot he ot her processes. P ervaporation m embrane m aterials ¢ onsist of
hydrophobic a nd hydr ophilic t ypes. N ormally, the component w hich ha s sm allest
amount int he mixture should be pe rmeated a cross t he m embrane du et o energy
saving. Thus, a selection of an appropriate membrane type depends on the property of
that component between pol ar and non -polar. Fori mproving pervaporation
membranes, the critical issues to be concerned are: membrane productivity, membrane
selectivity and membrane stability (Feng and Huang, 1997). F ormer research mostly

studied the development of membrane m aterials f or de hydration of e thanol/water
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system more t han e thanol r emoval from a queous s olution. D ue t o t he gr owing of
research interesti na 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 silicone 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 ethanol
removal by 1 ncorporating p  olyphosphazene na notube ( PZSNTs)i nto
polydimethylsiloxane (PDMS) to form nanocomposite membranes. SEM showed that
PZSNTs were well dispersed in PDMS. Thetestlts exhibited higher separation factor
than PDMS membranes. From-these experiments, as PZSNT content increased from
0% to 10%, the permeationflux‘and separation factor increased. After this range, both
parameters were kept ragher unghanged. A decrease of PZSNT diameter leads to an
increase in both permeation fluxand sepérétion factor. In this study, it was found that
by using PZSNT which was adjusted to lc;ﬁgest and smallest diameter of nanotube (50
um and 40 nm) loadingat 6, wt% on PDMS could give the maximum separation factor
value of 10 compared to 5(10 wt% ethanol feed at 313 K)) from PDMS alone.
High-silica ZSM-5 zeolites (HiSiZ)_;&}gtg filled 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 and | oading, s olvent type, m ixing m ethod, and size of a porous
support membrane ( UF anhd. MF) were studied to assess the effect on pervaporation
performance. Acccording 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 sjize (pa rticularly as it is “re lated to| particle a gglomeration). It w as
indicatedithat the membranes prepared with PDMS system based on DMS-V41/HMS-
064 with hydride to vinyl equivalent ratio of 1.34 in case of varying zeolite loadings
ranging from 0 t o 65w t% had an interesting result. E thanol-water separation factor
increased steadily with zeolite l oading from 8.7 at Owt% to 43.1 at 65 wt% zeolite

(5wt% ethanol feed, 323 K, permeate pressure 400-500 Pa).

Linetal. (2003)investigated the preparation of silicalite membrane w hich

involved in membrane separation properties. Silicalite membrane was synthesized by
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in situ crystallization to obtain highly selective silicalite membrane on porous 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 silica. The highest ethanol separation factor from this experiment was 106

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

Claesetal. (2010) successfully: applied Silica-filled poly(1-trimethylsilyl-1-
propyne) (PTMSP) layers on the top of ultrafiifration support membranes and used in
the pervaporation of ethanol/water mixtures: Erom the experiments, Reduction of the
thickness of t he s eparating P-FMSP t dp 1 ayer and a ddition of hydr ophobic s ilica
particles resulted in a clgarflux increase as com pared to dense PTMSP membranes.
The values of ethanol/watér separation-factors up to 12 were obtained and fluxes up to
3.5 kg/m*h for 10 wt% cthanol at 323 K. Tn additiony, t he supported P TMSP-silica
nanohybrid membranés prepared in t hisx\}v ork pe rformed even better t han t he be st
commercially a vailableforgangphilie pe Napo;ation membranes in t erms of et hanol
selectivity and f lux. Characteristiés of' /s po lyvinylidene f luoride (PVDF)a nd a
polyacrylonitrile (PAN) support membrane _cii'—sg_losed a more open structure for PVDF
membrane and showed more hydrophobic _S?ij._l_‘fé_l_CQ From the study, it was suggested
that by using a PVDF support, the permeate ﬂu;es can befincreased by 30% compared
to the PAN s upporied m embranes. B ecause of t heir .promising f lux-selectivity
combination, the prepared 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.

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 the range of 4.4-10.8, 9-26, 7-59,
12-106, respectively. H owever, somer 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 wt% at the permeate side. The

separation factor of ethanol over wateris equal to 218 at 303 K. This high ethanol
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selectivity was due to the salt effect in fermentation broth. Separation technologies for
biorefinery were r eviewed by H uang et al. (2008). In the section of hydrophobic
membrane f or e thanol removal, t hey ¢ 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 from the use of pervaporation'in“E thanol/Water s eparation, membrane
separation techniques al so_have v apbr pe rmeation w hich i s a nother pr oficient
separation unit to separateE thanol/Water mixture. Since the transferring mechanism
of component vapor in_his ufi it has no phase change ac ross the m embrane, it can
reduce the effect of con centrationp olarization oceurring on t he feed boundary layer
and no temperature drop happened along E:he. membrane (ITto, 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 Va_I;c—)tf_,Permeation that was incorporated into
ethanol con centration process,. obtaining dllute ¢ thanol from t he bi omass a lcoholic
fermentation br oth t o\f urther pu rify e thanoi S rolutions 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 ethanel recovery more than 98%. T he op timum operating factors,
operating c onditions and the required membrane area wére determined based on t he
numerical model: The simulation results indicated that the two-stage vapor permeation
system'cou: Id ‘offei a, “ desired ‘concentrated” ethanol whith'hi gl e'thanol r ecovery.
Althoughit he s ystem r equired larger membrane ar ea, the 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 al. (2010). A simple s tripper ¢ olumn w as u sed t o pur ify
dilute e thanol from 5 wt% to 50 w t% at the ove rhead c olumn. T hen, t he obt ained
ethanol solutions w as f urther purified w ith two ¢ ascade va por pe rmeation uni ts

achieving e thanol ¢ oncentrationa t 90 w t% a nd 99.7 w t%, r espectively. As the
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membrane i nt his pr ocess s hould be s table i n e thanol/water m ixture unde rt he
operating temperatures up to 403 K, this work then investigated the de velopment of
perfluoro pol ymer membranest os ervei ts ¢ onditions. H ydrophobic pe rfluoro
polymers were considered because of their chemical and thermal stability which can
be used at high temperature, especially up to 403 K. However, the water permeances
of t his membrane w ere qui te low, compared w ith t he ¢ ross-linked hydr ophilic
membranes. T hus, multilayer ¢ omposite m embranes ¢ ombined w ith hydr ophobic

perfluoro and hydrophilic membrane

e proposed. These membranes have a good

thermal stability as well as high water permeanees and good selectivity.
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CHAPTER 1V

MODELING

This cha pter de scribes al 11 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 to assess overall pe rformance w hile t he pur ification units i.e. pervaporation
and va por pe rmeation w ere 1 nvestigated uSing_preliminary calculations on E xcel
spreadsheet. The distillation. column was simulated using Aspen Plus to evaluate its

performance.

4.1 Bioethanol Pretreatment Process

Bioethanol, a partof se veral renewable resources, was selected to be a fuel
feed for SOFC system:”Asimentioned earlier, bioethanol derived from fermentation
broth contains mainly water. In this research,_Bioethanol feed is assumed to consist of
only ethanol and water. It i's speeified at 10 wt% or 4.16 mol% ethanol at ambient
condition in accordance with arange of actué_d_bioethanol containing about 5-12 wt%
ethanol ( S. Ramaswamy et al., 20 08) be fore being fedinto a p retreatment unitas

follows:

4.1.1 Preliminary Calculatiens of Pervapoération and Vapor Permeation

Performance assessment of pervaporation and vapor permeation is conducted
under a“basic calculation to, ptesent the primary results. Various'parameters and their
criteria wiere considered based on t heory. To reduce the ¢ omplexity, 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).

Reon = f(Treed, membrane area, feed composition, permeate side conditions,...)

_ Yp(Eton)P (4.1)
XF(EtoH HF
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The mass balance equations of pervaporation and vapor permeation are determined as

F=P+R (4.2)
xp,F =y, P + xpR (4.3)

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

and y; 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:

't z—ig—j (4.4)
In this s et of e quationgy the" ethanol ¢ oégentration of 25 mol% is specified at the
permeate st ream and retentate § tream fdr hyd rophobic a nd hydr ophilic m embrane
types, respectively. Thereafter, the calculafé_d separation factor values in each type are
then obt ained i ncluding the imass flow r ate of permeate and retentate streams. For
energy calculation, there are different betweé_ﬁ -:p.‘ervaporation and vapor permeation. In
a pervaporation, heat utilized fron1 Sensible heat of liquid feed mixture is necessary for
vaporizing a preferential componentt o be permeatcdt hrought he m embrane.
However, the temperature drop is neglected to simplify the calculation. According to
the pervaporation, the"operating temperatures are limited to below 373 K (R. Smith,
2005), this pe rvaporation ‘module is defined t o, operate at 348 K unde r i sothermal

condition. The totalfequired thermal energyiis shown by the following equation:
Q= f.0" C,dT + ml (4.5)

For vapor permeation, thermal energy is required only for the first 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 pump i s
considered in this study and is installed in a permeate side to drive chemical potential
gradient through the pressure difference. The electrical power required for operating

the vacuum pump is calculated by using Egs. (4.6) and (4.7), respectively.
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y—1
= L f(Pou) v _
T = Tin |14 5= [(P) 1] (4.6)
Tou
We,PV = _mp fTint deT (47)
c
where = 2 4.8
Y= oR (4.8)
The electrical efficiency of a vacu was specified at 75% (T. Kaneko et al.,

) 7 ‘ nol purification unit for the
SOFC system in the pr ™ ) 2 \\ al., 2007) was considered to
compare its performances ( I"-ﬁ e roposed pur ification p rocess-
integrated S OFC syst e s ame ¢ onditions to demonstrate its

v : \ .
. o dlal s £ .
performance i mprovement. ‘rocedure of bi oethanol pr etreatment us ing a n

T o

BTN IHYING

Heater T=1023K

4.16 mol% (10wt%) E tOH & AT
Q W’] QQﬂi w’]’g‘ EI IEi%ITOReformer
9 ’ ’ :

Bottom

Distillation Column

Drain

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

The SO FCm 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 ¢ onsidered t o r eact electrochemically
within t he m odule. O xygen 1 on e lectrolyte type w as selected for S OFC andi ts

electrochemical reaction occurring as follows:
1120, + 2¢° Ar 0™ (4.9)
H, + 07 =>H0.+ 2¢ (4.10)

The verification of the medclw as in good a grecment w ith e xperimental r esults of
Zhao et al., (2005) and Tae eral., (2005) at high hydrogen contents (hydrogen mole
fraction = 0.97) and Pefruzzi ¢t al. (2003) at low hydrogen contents (hydrogen mole
fraction = 0.26). The materials used in Sd_FC stack are YSZ, Ni-YSZ and LSM-YSZ

for electrolyte, anode and gathode, respectively.

4.2.1 Electrochemical model =

4.2.1.1 Open eircuit voltage
The open circuit voltage (£) is calculated by the Nernst equation as given in

Eq. (4.11)

P Pl/2
E = E, + RT )| "o, (4.11)
F Ry,

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

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

Ohmic, Activation, and Concentration polarizations as below:

V=F — Nact — MNohmic — MNconc (412)
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4.2.1.2 Polarizations
- Ohmic polarization

This pol arization involves the resistance of both ions w hich flow in 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:

//Z)”;(T) (4.13)

of el ectrochemical r eaction
rate at t he el A ion FC at high temperature ¢ an
i ing step becomes faster.
ates at low ¢ urrent d ensity

range. This polarizati }tej‘ Volmer equation.

= f’l - el H (4.14)

2 (S.H. Chan et al., 2001),

The value (ﬁa and z-
respectively. é.cg.)rdingly, the ac&i)/ation polarization at anode and cathode

“FAMBRTNEINT
ARIDIASHYRINUARE s

The exchange current density (i ;) for both the anode and cathode sides are

expressed as follows:

p,\(P E
fy = V| = || 2 |exp| - —2e (4.16)
’ p, )\ P, RT
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P 0.25 E
i, = yc(POZ ) exp(— —I;C]’f ] 4.17)
ref

- 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 and i s br oughtto a gas

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

cathode sides, respe :
N

o )l)} (4.18)

(4.19)
where 6,

s (e 4:D02 N (e (4.20)

F'HJEJ WEINS

Puo "
a(em = | Pt %:‘I] ,0(ef) (4.21)
AR1aN mm TNYINY

Dc<eff) = ;( D, Do - 4.22)
DH21<em ) g(D;,k ! DHZI_HZOJ (4.23)

Lo 1 (4.24)
D n\Dyop Dy
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The relationship betweent he effective diffusion parameter ( Dp) and
ordinary diffusion parameter (D) can be described by:

n

Dy = ED (4.25)

Assuming straight and round pores, the Knudsen diffusion parameter can

be calculated by:
D, = 9700, ’,ﬂ’ (4.26)
T—
The binary i a gas phase can be calculated
using the on as below:

Y (4.28)

y
A BT TERTNENS
AT AN

is given as

(4.29)

T, = XL (4.30)
€4AB
where £ is the Boltzmann constant and g4p is the characteristic L ennard-

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 (um) 50 oy, (A) 2.827
E et (J/mol) 1.0x 10° Oo (A) 2.641
Eere (J/mol) 1.2 x,10° oy, (A) 3.798
Ve (A/m®) | 1.344x 10" g (A) 3.467
7 (A/m?) 2:051% 10™ = 59.7
l, (um) 750 €10 809.1
l.  (um) s/ &y, 71.4
£ (um) 1 —="\\'% 106.7
n 048
VL A
e :J:J

The calculation be gins with de fining the desired values of fuel utilization of

SOFC including operating voltage, temperature, and paraﬁqeters of anode and cathode
inlet flow rate in each gas component. Fuel utilization w as divided into many small
regions with step size of#0,01 in SOFC staekito calculate the current density and area

in each region as illustrated in Figure 4.2.

At 9We 9iave
: . , | | — = -
I I I I I | I
I I I I I | I
I I I I I | I
Inlet gas E, | E, | E; ! E4 ! Es | Eq ! ! E, Outlet gas
> A A Ay Ag g As A I An >
iy : iy : i3 : iy : is : ig : : in
Uy : Uy : Uy : Uy : Uy : U | : Uy
I I I I I | I
I I I I I I

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 ¢ omputed. T hereafter, t he ¢ urrent de nsity in e ach r egion is obt ained b y
calculating with trial ande rror untilt he d ifference between E andt het 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:

(4.31)
The numerical calculat 1€ it1l the va U; reaches the desired fuel
utilization. The total S caf( A, 4 be obtained by summation of each small

_;\

area (4y). T hen, t he a er de nsity (pave) @and total

electrical power (W) au 3) and (4.34), respectively.

(4.32)

b = (4.33)

ﬂuﬂaﬁﬂw€Ma“ﬂi -
~ ATIASDINURIINEIEY oo

Figure 4.3.
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Start

Input V, U, ., and
Au,

f=Ff+1

U, = U, + Ay,

£

Uf,f = Uffnal

ﬂ‘LlEJ\’JVIEJ FNEINT

Cd'mpute fove » Pyl

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, and 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 to carry outa desired e thanol ¢ oncentration of 25 mol%, a

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

Air T=298K Qs
Heater
Q2

d Qs Y Qs
Feed T=298 K o Electrical power
— > Purification unit - SOFC - 5

10 Wt%EtOH
Heater
Qu Reformer Y Qe
F=1023K Exhaust gases T=403K

Y

»

N S
Afterburner

Figure 4.4 Schematic diagram of bioethanol-fuelled SOFC system

Afterwards, the stream with 25 mol% ethan_cil_is fed info an external reformer operated
at 1023 K under t hermodynamice quilibri_}@riﬂt: ondition. Ethanol s team reforming
reaction is considered as a mainreaction f—ér_producing hydrogen rich gas and the
reactions i n E gs. ((2.8) and ( 2.9) a re de fined asunde 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 placed sothermally in an external
reformer simulated by Aspén 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 and fed i nto the cathede ¢ hamber,.Exhausted ga ses;r eleased from an
SOFC @ontaining unreacted f uels are br ought i nto the a fterburnert 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 preheaters. From Figure 4.4, t he heat obtained from
SOFC and the afterburner represented as Qs and Qs are assigned to have ar ole for
supplying thermal energy to the heat-demanding units represented in O, 0>, O3 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 Ope = 0 calculated by conventional energy

balance as below:
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Oner = O5106-01-0,-03-04=0 (4.35)

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

We,ne
Nelec,ov = - (4.36)

mol gropy -LHV groy + External Heat Demand

where W, . 1s the net electrical energy gained from the system after subtracting power

consumption of vacuum pump. LHV e lower heating value of bioethanol feed.

According to Eq. (4.35), when Oyer < 0, e system requires additional thermal

heat are taken into account as

. = - | ﬁf . .
external heat demand tey electrical efficiency.

R
{
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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 depicted in Figure 5.1. In'prin€iple, although bioethanol as a dil ute
ethanol solution was suitable for hy drophobic type due to lower energy consumption
for a small amount of ethanol semioval, this membrane type was inevitable to face the
limitation of low ethan6l sgparation factors as shown in Figure 5.1. It may perform a
low ethanol recovery eof obtainethanol cbn_gentration below the target level (25 mol%
ethanol). On the contrary, athydrophilic t_;ype may assistto reach the desired ethanol
concentration owing to high water separafioﬁ factors, although it requires high energy
supply t o r emove pl enty of 's team. Tﬁérefore, it isn ecessary to com paret he
performance be tween hydr ophiliccand hyd'f—éphpbic membrane for pervaporation and
their effects on the overall SOFC system perfélliﬁance.

a)

Retentate To'Reformer

25 mol% EtOH @

HeateF348K | Heater T=1023K

Feed T=298K
—,@_> Exhausted vapor

4.16 mol% (10wt%) EtOH Permeate T=403K
Hydrophilic
Pervaporation Cooler

Vacuumpump

A\ 4

b)

Retentate

Heater T=348K |

Feed T=298K
To Reformer

4.16 mol% (10wt%) EtOH S 25 mol% EtOH
Hydrophobic Permeate
Pervaporation Heater T=1023K

Vacuum pump

Figure 5.1 Pervaporation m embrane t ype ¢ onfigurations: a ) H ydrophilica nd b )

Hydrophobic
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According to Figure 5.1, for case a), a hydrophilic pervaporation was used to
remove exc ess water fromthe feed by pe rmeating through a m embrane until the
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 tor edeema hi ght hermal e nergy
consumption i n t his ¢ ase. When ¢ onsidering ¢ ase b) , ethanol w as pe rmeated by

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

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

pervaporation unit

Hydrophobic membrane
Membrane material Etha?v(‘); 01/21) feed Tse;inlglir)ature Separ(a(?;\t; )factor Reference
Silicalite-1/a- Lin et al.
ALO, i 438 8 (2001)
Silicalite-1/Mullite o : 3,33 '- 72 Lin et al.
Ty (2000)
#2220 Baker et al.
PDMS 10 348 : 6.25 2010)
F Gonzalez-
PTMSP(-silica) 10 348 10.7 Velasco et
' al. (2003)
PDMS(ZSM-5 Baker et al.
mixed matrix) 10 At 155 (2010)
ZSM-5/a-Al 03 10 348 24 Kita (1998)
Hydrophilic membrane
Membrane material Waz:;:;)geed Teml()leér)ature Separ(a(i:/r;)factor Reference
. . Kumakiri et
Zeolite NaA, disk 90 303 >10000 al. (1999)
Baker et al.
Cellulose ester 90 348 0.76 (2010)
NaA, Kondo et al.
Mullite/Al,O5 10 348 42000 (1997)
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5.1.1 Separation characteristics of hydrophilic and hydrophobic membranes

Figure 5.2 presents the values of required separation factor in order to purify
dilute bioethanol to 25 mol%ethanol at any s pecified e thanol r ecovery (R%). It was
found t hat the required separation factor increased 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 reams Fhe r esults sh ow t hat w hen using the
hydrophilic m embrane a | arge amount of Ww.ater are n eeded to be removedtothe
permeate side (more than 240 kmol/s) to obtam a desired ethanol composition in the
retentate st ream, in conteast to* a hydrophobic t ype, m uch s maller a mount of 1 ts
permeate f low r ates arg# cquirgdto a ¢hieve a desired e thanol removal. Different
amount o f permeate flow T ates obt ained-in each membrane type can convey to the
required energy including elegtrical powe'-r: of vacuum pump and total thermal energy
at different ethanol recovery as illustratecifjn Figures 5.3a) and 5.3b) for hydrophilic
and hydrophobic types, respectivély. It caﬁ_ -'l.;.)e-.'seen that both total thermal energy and

i

power of vacuum pump increasg,consistently when increasing an ethanol recovery.

300 -+ 140
Hydrophilic (water removal
| e e R o 120
» 250 LREREL B
(@]
£ <J +100 5
~ 200 g
O]
5 L8 &
> 150 - 5
= 60 E
0 G0 s
a 40 7
GE) n
E 50 - x " . . o . —e 4 20
0 Hydrophobic (ethanol removal) 0

60 65 70 75 80 85 90 95 100

Ethanol Recovery %

Figure 5.2 Effect of ethanol recovery on the separation factor and flow rates.
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Figure 503 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 ¢ omparing b etweent wo membrane t ypes, it is apparent thatt 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 ¢ 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 recoveny 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 temusing pervaporation with t wo

different membrane types

After discovering'the'ch aracteristiﬁcﬂir esults of both membrane types from 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. 4

4,000 -
3,000 ~
2,000 + ~ <

1,000 - .. S <

-1,000 O 20 40 60 .80 100
-2,000 ~ Tl

-3,000
-4,000 + — — Hydrophobic
-5,000 ~ ——Hydrophilic
-6,000 - - - - - Distillation

-7,000 -

Qnet (MW)
/

Fuel Utilization (%)

Figure 5.4 Effect of fuel utilization on the net energy (Qyet) of SOFC system with two
different membrane types of pervaporation and distillation column ( Rgon = 85%, V' =

0.6V, Tsorc = 1073K, P,= 0.15atm).
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The 1 ow op erating vol tage of 0.6V is specified in or der to ha ve s ome fuel
utilization values which assist the system especially hydrophilic case to be operated at
least Onet = 0. Atthis condition, the external he at sources are not re quired but the
results ind icate thatitis im possible to operate the S OFC system w ith hydrophilic
pervaporation at 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 Oyt = 0 and
offers its pe rformance supe rior to, hydrophilic m embrane t ype. Therefore, a
hydrophobic t ype st ill be comes a sut ‘tablesalternative for pur ifying bi oethanol

regarding a lower energy consumption.

5.1.3 Performance ch araeteristics of S OFC 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 energy de mand. The ope rating
conditions of hydr ophobic pe rvaporation a re further investigated tos how the

performance characteristics 0f the overall system based on QOne = 0.

98 - - 3500
9% 1 |_> + 3000
g w 8
< ° : T 2500 ¢
S 92 =
g . +2000 3
= 90 - . g
; N T 100 o
88 ty o
z 4J =~ o
o 1000 3
_______ ) S
Y + 500
82 T T T T T T T O
0 0.02 0.04 0.6 0.08 0.1 0.12 0.14  0.16

Permeate pressure of pervaporation (atm)

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

density of SOFC system based on Qyet = 0 (Rgion = 80%, V'=10.7V, Tsorc = 1073K).
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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 higher. 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
Onet =0 must consume more fuel for converting into electricity as represented with
increasing a fuel utilization especially at | oWw-p€rmeate pressure on Figure 5.5. This
reduces an amount of the remaining ftilel being ¢ ombusted i n t he a fterburner t hat
releases excess heat, whilesthe power density shows a little effect from decreasing the
permeate pressures as thedperating voltage was assumed constant at 0.7 V. Regarding
the effect of permeate pressuge on the overall electrical efficiency, an electrical power
consumption of a vactuunypump takes q'-ljlite no effect in deceasing of the electrical
efficiency. It w as found t hat the overal"liel ectrical ef ficiencies f rom the spe cified
permeate pressure range were obtéiﬁed at rather the same of 39.36%.
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Figure S. 6 Effect of ethanol recovery on the overall e lectrical e fficiency of SOFC
system and acquired separation factor using hydrophobic pervaporation based on Qnet

=0(V=0.7V, Tsorc = 1073K, Pp =0.15atm).
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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 agwonwaeer at di fferent values of ethanol
recovery. The results indicate that when increasing the ethanol recovery, it certainly
requires a membrane with much higher e thanol s eparation factor particularly in the
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

s more fuel as described by increasing the
|
\ ,}/?Edrophobic membrane which has a

high as 134.59 and the system also co
fuel utilization va lues in F igure 5. 6.
high e thanol s eparation 7 thanol c oncentration w ith high
ethanol recovery is not ava ave other techniques to solve this

problem or further assist the hydrophobic membrane.
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5.2 Performance i mprovement o f SOFC sys tem with hybrid vap or p ermeation-

pervaporation process

In this section, a pervaporation based 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 in e ach m embrane material is compared at various values of e thanol
recovery. Thereafter, the separation performance is further improved by introducing a
vapor pe rmeation installed a ftert he pe rvaporationt og aina de sired e thanol
concentration at a highe ret hanol r ecovery.#°0 s erve t his propose, a selection of
appropriate membrane type forvapor permeation is further investigated by considering

the membrane availability.and eptimal overall efficiency.
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4.16 mol% (10wt%) EtOH ~Permeate Hydrophobic
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Vacuum pump
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Vacuum pump

\4

Permeate Cooler
Vacuum pump

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 the S OFC system c onfigurations, various bioethanol p urification processes
were considered as depicted in Figure 5.7. The pervaporation with hydrophobic vapor
permeation and pervaporation with hydrophilic vapor pe rmeation were placed on a)
and b), respectively. A hydrophobic membrane was chosen for the pervaporation unit
in accordance with the principle mentioned before. Ethanol recovery (Rgion) 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 casea ), the hydrophobic v apor pe‘fmeation w as installed after the
pervaporation to obtain ape rmeate stream of 25 mol% ethanol at a hi gher e thanol
recovery. On the other handythehydrophilic 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 stream coul d/be recoyered ﬁnt_li_l 1ts exhaust temperature reached 403 K

(Wassana Jamsak et al., 2007).

5.2.1 Effects of ethanol recovery and merill:l;rgi_ne material on the obtained ethanol

concentration in hydrophobic pervaporation -

A separation perigrmance of hydrophobic pervaporation is assessed based on the
performance of real nmiémbrane materials as su mmarizéd in Table 5.1. The sel ected
membranes are PDMS, PTMSP, PDMS (ZSM-5 mixed matrix) and ZSM-5 (0-Al,03)
which offer thé ethanol separation factor values of 6.25,40.7,:15.5, 24, r espectively.
The results illustrate that when increasing the ethanol recovery of pervaporation, the
obtained, ethanel c.oncentrations from,a,ll.m embranes-a re de.clinéd, as illu strated in
Figure 5.8. For the'membranes with-low ethanol séparation’ factor sueh as PDMS with
apw = 6.25, the desired ethanol concentration (25 mol%) cannot be achieved at any
ethanol r ecovery e ven a t | 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 0l1% e thanol at 3 1.16% e thanol
recovery. For PD MS(ZSM-5 mixed matrix) and Z SM-5(a-Al,O3) m embranes, they
can provide 25m ol%ethanol w ith m ore than 50 % e thanol recovery (54% and 71 %,

respectively). At high ethanol recovery such as 95%, Figure 5.8 shows that there is no
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significant difference i nt he obt ained e thanol ¢ 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.
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Figure 5.8 Effect of ethanel r ecovery with ,V_e}r‘ious m embrane m aterials on ethanol
concentration using hydrophobic pervaporatﬁn..-

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

types

Accordingyto't he'previous results in Eigure 5.8, it'is clear that due to the low
sepration factor'of the hydrophobic membrane for pervaporation, the desired ethanol
concentrationyof25% canonly be, achieved with's egme fmembrane materials but the
obtained ethanol recovery is still'low. To improve'its poor separation performance, a
vapor pe rmeation i nstalled a ftert he pe rvaporationi s p roposed. T he e ffecto f
membrane t ypes ( hydrophobic and hydrophilic) i s i nvestigated. P TMSP membrane
having the 1 owest e thanol recovery at the de sired e thanol ¢ 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 recoveryo nt her equired vap or

permeation separation factor and permeate flow rate

Figure 5.9 shows the permeate flow rates of the hydr ophobic and hydr ophilic
vapor permeations at different values of pervaporation e thanol r ecovery of P TMSP
(agw =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 ethanolcomposition of 25mol% appears at the
retentate st ream, the p ermeate f low r ate’i.n€rcases r apidly with increasing the
pervaporation ethanol recovery. At the -iow range of pervaporation ethanol recovery,
the values are smaller thanthose of the hydrophobic membrane but the opposite trend
is observed at higher ranges of pe rvapo}ation e thanol recovery. The upper x-axis of
Figure 5.9 showed the obtained efhanokmol fractionsin the permeate stream of the
pervaporation. T he va lues de cline f rorﬁ:t he de sired ¢ thanol ¢ oncentration w hen
increasing the ethanol f'ecovery toa bov%r_31._ 16%. T he righty -axis of Figure 5.9
indicates that it requires athigher -rnémbrané-ziééiiaration factor for the vapor permeation

v ol o

when increasing the pervaporation ethanol rechcry.
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Figure 5.9 Effect of ethanol recovery of PTMSP pervaporation on permeate flow rate

between two types and separation factor of vapor permeation.
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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 ethanol 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 ¢ ommercial
membranes. On the contrary, the obtained water separation factor of hydrophilic vapor

permeation is available in real membranes according to the high awe (Table 5.1).

5.2.2.2 E ffect of p ervaporation ¢thanol r ecovery on energy consumption within

vapor permeation

The results of energy requirement including thermal and electrical energy were
presented in Figure 5.10. Thre¢ SOFC systems (i.e. pervaporation alone, pervaporation
with hydr ophobic va peor pe rmeation a nd pe rvaporation w ith hydr ophilic va por

permeation) were considered.
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Figure 5. 10 Effect of e thanolr ecovery of P TMSP p ervaporation one 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 ¢ onsumes
thermal energy a little higher than in the other case. Nevertheless, when the ethanol
recovery is further increased, 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 Ithough t he hyd rephilic va por pe rmeation r equires 1 ess thermal

energy, it consumes higher electrical power.

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

conditions

5.2.3.1 Effects of SOFC.operating veltage and fuel utilization on the net thermal
energy (Quner) ’

From the above studies, the proposed_pﬁfiﬁcation process could offer the desired
ethanol concentration at higher gthanol reco";e"r‘x_by using integrated pervaporation and
vapor pe rmeation. A p ervaporation.w ith p§,0_1j ethanol s eparation factor recovered a
high amount of ethanol but the ethanol concén;ration was still lower than the desired
concentration. Theny the permeate stream was purified by.vapor permeation to reach
25 mol% of ethanol. However, an electrical power consumption was required further
from a vacuum pump of wapor 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 ( Onet) obt ained f rom the S OFC s ystems int egrated w ith the p roposed
purification process, Lhe'efféets’of fuel utilization (Ur) and opeidting voltage (V) on
Onet are pre sented in Figures 5.11 and 5.12 for hi gh a nd 1 ow r anges of e thanol
recovery for both types of vapor permeation, respectively. At high ethanol 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 QOne=0, while F igure 5.11b)
referring to the hydrophilic type shows a wider range of fuel utilization 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 slightly different net thermal energy between 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 slightly lower than the hydrophobic vapor permeation. However, this section
only investigates the feasibility of operating c onditions that can serve QOnet > 0. An

electrical e fficiency is another im portant pe rformance indi cator of the system to be

evaluated further in the next section.

a)

800000 -

300000 -

0
-2000000*
-700000 _

-1200000

Qnet (MW)

-1700000

-2200000++

-2700000

-3200000 -

- 44

b)

2000000 -
1000000
0

0:55
-1000000 H

Qnet (MW)

-2000000 +

-3000000 -

Operating Voltage (V)

Figure 5.11 Effects of operating voltage and fuel utilization on Oy at high ethanol

recovery: a) hydrophobic vapor permeation and b) hydrophilic vapor permeation.
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Figure 5.12 Effects of operating voltage and fuel utilization on"Ore 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 Qe =0

In or der to ope rate the S OFC without de manding a dditional e nergy from an

external source and to achieve the highest electrical efficiency, the system should be
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operated at the c ondition w ith ne t thermal e nergy ( Opet) € quals to zero. From the
previous s ection, i t w as feasible t o operate an SOFC s ystem w ith t he pr oposed
purification pr ocess un der th is ¢ 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 for ope ration. F rom Figure 5.13, the results obt ained
from s imulation s tudies are based on t he following ope rating c onditions: O perating
voltage = 0.6 V and T'sorc = 1073 K. It should be noted that the SOFC stack can be
operated at other va lues of ope rating voltage: however, based on the energy self-
sufficient condition in this work, the overall eléctrieal e fficiency does not vary with
the operating voltage. At highei operating voltage, although the SOFC stack efficiency
is hi gher, the low er fuelutilization is required in order to le ave s ufficient fuel for
generating enough he ata't t he a fterburner f or us e w ithin the s ystem. The ove rall
electrical efficiency gradually 1 ncreases when increasing the ethanol recovery up to
75%. A t hi gher e thanol gecovery, t he e;:nergy r equirement i ncluding t hermal a nd
electrical energy for purification system ra pidly imereases as shown in Figure 5.10.
Accordingly, the overall glectrical éfﬁcien_c-;j./ ;1rops dramatically especially in case of

the hydrophobic type represented by the das_hed_,line.
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Figure 5. 13 Effect of ethanol recovery on the overall electrical e fficiency of two

different membrane types of vapor permeation.
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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 ¢ onsumption
including t hermal a nd e lectrical e nergy is hi gher t han t hat of t he hydr ophilic t ype
especially at high ethanol recovery as illustrated in Figure 5.10. As shown in Figure
5.13, it was found t hat t he opt imal ove rall e lectrical e fficiency ob tained from 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 effieiencies t-or the S OFC s ystems w ith and without va por
permeation are compazed in.this section I“ba‘_sed on the following operating conditions:
Operating v oltage = 0. 6'V and Tsorc Z;iIO73 K . According to the use of P TMSP
pervaporation with agw & 10.7" as aba -fse ‘case, T able 5.2 shows the results w hen
installing the hydrophilic vapor permeatiori-'yvh.ich was a suitable choice to be installed
after the pervaporation. T he obt ained ¢ léctrical e fficiency is 26.56% compared t o
10.96% of the SOFC with a pervaporation élbﬂé because it can recover an amount of
ethanol at 75% while the base case can onl}';_'fécover 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 catise of no he at consumption
requirement in_.a separationt. of vapor permeation as mentioned e arlier and the 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 stignificantly xeduce the f uehut ilization va lues.
Moreover, itic an be'obs erved.t hat.the addition of' vaporp ermeation s ystem has the
overall el'ectrical ef ficiency which can overcome the case of P DMS(ZSM-5 m ixed
matrix) with agw = 15.5. Nevertheless, it s hould require 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-5/0-Al,O3; which shows the electrical efficiency of 34.02%.



59

Table 5.2 Efficiency comparison of S OFC system be tween with and without extra

vapor permeation

Membrane Ethanol Recovery (%) | Fuel Utilization Wt (MW) Efficiency
Pervaporation (25mol%ethanol) (%) enet (%)

PTMSP (aE/W

=10.7) 31.16 67.75 1,765.7 10.96

PTMSP (aE/W =
10.7) with
hydrophilic vapor S 86:5 5,392.3 26.56
permeation (owg =
125.2)

PDMS(ZSM-5mixed

matrix) (agw = 15.5) 54 89.2 4,007.5 23.96

ZSM-S/U,—A1203

71 Yl 5.666.25 34.02
(apw =24)

5.3 Performance comp arison of S OF',C__sy_s temi ntegrated with d ifferent

bioethanol purification processes

From the above studies, a hybrid vapor permeation-pervaporation process was
proven as an efficient separation performange,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 distillation ¢olumniand hybrid vapOr pe rmeation-pervaporation process
should be ¢ ompared. From Table 5.2, a hydrophobic pervaporation m embrane of
ZSM-5/a-Al,03 which hast he hi ghest separation factor (agw =24 )is further
developed by sequentially adding a hydrophilic vapor permeation and the results of its
system configurations are shown in Figure 5.14. Based on t he operating c onditions:
Operating voltage = 0.75V, T'sorc = 1073K and Permeate pressure = 0.15atm, it can be
observed that an increase of ethanol recovery from 71% to 75% shows a significant
improvement of the overall el ectrical ef ficiency from 34 .28%t 045 .45%. W hen

increasing the ethanol recovery above 75%, the remaining thermal energy represented
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by Onet On the right y-axisis released from the system eventhough the fuel cellis
operated at almost highest fuel utilization (Ur = 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 ethanol considered as a
fuel can be obtained even more. Accordingly, heat and electrical power requirement of
the system can be enough supplied by S OFC without relying on the afterburner to
combust residual fuel to generate excess heat released to the environment. Since the
vacuum pumps of both pervaporation andvaper permeation consume more electrical
power followed by i ncreasing ethanol recoveey until a fter 8 5% ethanol recovery, the

J
overall electrical efficiency thenobviously decreases.
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Figure 5. 14 Effect of ethanol recovery on the overall electrical efficiency and the
net energy (Onet) using hybrid vapor permeation-pervaporation process based on a

pervaporation membrane (ogw = 24).

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 required for hydr ophobic pervaporation which provides an equivalent e thanol
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recovery at 25 mol% ethanol. At 7 1% ethanol recovery, the results show that this
condition requires only a pervaporation with agw = 24.03 which is available in real
membrane a s s hownin T able 5.1 andno tn ecessary toadd a va por pe rmeation
expressed as aw/g = 1.12. For a higher ethanol recovery, the obtained separation factor
values o f hydrophobic pervaporation are too high for its available m embrane, while
the hydrophilic vapor permeation can be served with real membrane material as in the

previous mentioned statement.
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Figure 5. 15 A c omparison of s eparation factor be tween added vapor p ermeation

(awsg) based on pervaporation with agw = 24 and pervaporation (og/w).

Finally, the performance of S OFC system integrated with various bioethanol
purifiCatiofi pty oCgssési | .e..ca onventionaldi ~stillation c oldmny hy brid va por
permeation-pervaporation and only pervaporation are compared as shown in Figure
5.16. Based on t he same ethanol 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 times compared with using a distillation column (22.53%). In
case of using only a pervaporation, it can be merely obtained the overall electrical
efficiency at 36.46% because its 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 to recover va luable he at from steam to supply the
preheater o perated at 1023 K as shown in Figure 5.7b). Then its SOFC unit can
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 ¢ ombustion s upplying he at t o a Il h eat-demanding uni ts e specially the
reboiler. However, the pow er density of hybrid vapor permeation-pervaporation is
lower than the other two cases because larger SOFC area is required to operate at

high fuel utilization.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

A pervaporation was applied as a biocthanol purification unit for improving a
performance of SOFC system in this research. Asselection of appropriate membrane
type f or p ervaporation i _neluding hy(irophilic a-nd hydr ophobic m embranes was
investigated. A hydrophobic mémbranc was still considered a suitable membrane type
for pur ifying di lute bi gethanolby per\}aporation due to | ow e nergy ¢ onsumption,
although the availability of this membran‘e}f.ype with high separation factor was one of
the ¢ oncerns pa rticularly w hent he pe ri-caporation w as ope rated a t hi gher e thanol
recovery. A fterwards,a wapor permeét—iqr}_w asi ntroducedt o1 nstalla fter a
hydrophobic pervaporation which was a wa};(;_ ‘50 solve the problem of its low separation
factor. This proposed purification process c'-a'hj obtain a desired ethanol concentration
of 25mol% with higher ethanol recovery. It;;jy_a_'s_found that a hydrophilic type was an
appropriate membrane for va por p ermeation since it can.carry outa higher ov erall
system el ectrical ef fieiency than that of the hy drophobie type and also its required
membrane sepa ration. factor w as possibly available i.n real m embrane materials.
Although a vacuum pump.ef hydrophilic vapor permeation consumed high electrical
energy at a hilghert e thanol- recavery t o r emove I arge amount of s team t hrough a
membrane, the total energy requirement was still less than the other case because the
required heat'is mogeycritical ‘than the required 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 selected 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/a-Al,O3 pervaporation membrane having the highest separation factor (ogw =
24) among al |1 selected m embranes was chos en for the hybrid va por pe rmeation-

pervaporation process. From the system study, it 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 in t he S OFC s ystem when us ing t he m embrane ( ZSM-5/a-
Al,O3 with agw = 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 showi tsef ficiency
improvement. Asa result of the base case study, the ov erall e lectrical ef ficiency
received from the proposed purification process (45.46%) can offer about 2 times of
the ¢ ase u sing a distillation.e-olumn (' 22.53%).. P articularly a t t he s ame e thanol
recovery ( 75%), the hybmd vaper pe rmeation-pervaporation can offer t he ove rall
electrical ef ficiency mou€'t han Aising-only a hydrophebic pe rvaporation ( 36.46%),
indicating t hat the ne wpr oposed pur ification pr ocess int hisr esearch h as b een

regarded as the best alternative.
6.2 Recommendations

6.2.11 nt hepr esents tudy, t hé_Bi_ ,Jo_pthanol-fuelled SOFC system was
investigated us ing simplified mathematicei_frhﬁ odeling to demonstrate its f easible
performance i mprovement w ith t he pr opo.s.e"ci“;r“l embrang's eparation pr ocesses. [ tis
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 inyvestigated to evaluate whether the SOFC system integrated with
hybrid va por pe rmeation-pervaporation process ¢ an of fer s ome worthwhile be nefit

with agreeable investment expenditure.

6.2.3 T he final c ase of us ing hydr ophobic pe rvaporation having opw = 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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THERMODYNAMIC DATA OF SELECTED COMPONENTS

Table A1 Heat capacities of selected components (C),)

Components C,=a bl # eI’ +dT + eT” [J/mol K]
a bx 10° Coxl 0° dx 10° ex 10"
Ethanol 27091 110.55) 10.957 -15.046 461.01
Water 33.933 #8.4186 2.9906 -1.7825 36.934
Methane 34942 39.957, 19:184 35.103 393.21
Carbon monoxide 78'556 #6.5807% 4 2.0130 -1.2227 22.617
Carbon dioxide 27437 _42_’315 ,|  -1.9555 0.3997 -2.9872
. 1
Hydrogen 25.399 201178 | 38549 3.1880 -87.585
¥ )
ald -‘J’.‘..!
i’ ety
Table A2 Heat of formation (/) and entropisif,(éo_)_of selected components
Components - _ Hi=a+bT + cT’ [kJ/moli-' S°
B hx 10° ex 10° [J/mol.K]
Ethanol 216.961 -69.572 3.1744 282.59
Water
-241.80 0 0 188.72
Methane
2631425 243355 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
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APPENDIX B

THERMODYNAMIC CALCULATIONS

B1. Determining Gibbs energy (G) at any temperature

] )

we AUEINGNTNEING

AR

298 7P

ST = $° + [y, 2dT (B6)
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B2. Determining the equilibrium constant (K)

Gr = RTInK (B7)

Rearrange the equation:

(B8)

AU INENTNEINS
AR TN TN
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