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CHAPTER I

INTRODUCTION

The demand for energy is continueusly increasing due to the growth of the world
population and the development in modern i€chnologies. However, the sources of
energy are limited and going te be shorta_ge inthe noar future. Therefore, the renewable
and clean energy is an uigent and crucial issue. Solid oxide fuel cell (SOFC) is one of
promising technologie:."!fﬂrconven c'?emical energy of a fuel directly to electricity
with high efficiency and, therefore, is consndered as a clean energy generator which
reduces green house gﬁ emlssmn to env:ronment In addition, fuel flexibility is the

\
greatest advantage of SOFC as compared tb other types of fuel cell.

-'l'g4 *

Various fuels can be fedi _-go SOFC, such as ammonia, methane, biogas,
methanol, ethanol, etc. Amn;oniac_an be uia’fas the fuel for SOFC because it can
decompose into hydrogen and nitroé’en The;_;fwe— itis a good hydrogen carrier and is
carbon-free (Zhang and_Yang,mQBLHoweyeLme_ma;of_energy carrier in the nature is
hydrocarbons so we can not evade to using these fuels Methane might be an
alternative fuel that can be used because it is the simplest hydrocarbon fuel. It has a
lower probability for: coking which lis‘oné of the important problems in fuel cell (Hao and
Goodwin, 2008).:Moreover biogas can also be used because it mainly contains methane
and carbon imenoxide (Shiratori et al; 2008) but-it has a)major-problem about the
deposition of carbon on the catalyst. Methanol have been used in many researches
because of many good reasons such as ease of handling, transportation and storage,
clear and renewable source that can be derived from all fossil resource, agricultural

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

Nowadays biomass-derived fuel has attracted considerable attention. Bioethanol

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



and transportation. In order to operate the SOFC, bioethanol is first purified to a desired
ethanol concentration and then converted to hydrogen-rich gas before being fed into the
SOFC system.

There are a number of possible choices for bioethanol purification processes.
The most widely used is the conventional distillation. Wassana Jamsak et al. (2007)
reported that a solid oxide fuel cell integrated with a distillation column can be operated
witheut demanding an additional heat source: Pervaporation is one of the interesting
teehnologies for bioethanc! puriﬂcation.JSince it is independent on the vapor/liquid
equilibrium but only depgnds en. the difference in transportation rate of individual
components through a membrane. Moreever, there are @ number of research focusing
on improvement of mem??ﬁ'é jor al¢ohol s-'e_é"aratien.

o

According to the ,ﬁégsbhs mén,ﬁoneé‘,_ai)ove. this research was, hence, focused
on the performance analysis of sbliél:oﬁde::;fpéi cell system fuelled by bioethanol for
electricity generation. The pc’*rfqrgp'a'_r;ce mclud‘égJ power density, area of SOFC stack,
tetal SOFC stack heat generagién_ apd eleci;ifc’! _e_fﬁciency. In addition, the effects of
operating parameter§ ﬁffor both tr;:--S'OFC systét; and the _ff)griﬁcation processes were

also studied. Particular interest is on the comparison of._:SbFC system performance
between two different bioethanol purification processes; i.e. 1) conventional distillation
and 2) pervaporation, The ‘Pest system can-be selected by comparing the highest
electrical efficiencies' achievable from the' two systems with different bioethanol

purification processes.



CHAPTER I

THEORY

2.1 Fuel Cell Principle \\\ ', ////

2.1.1 Basic Principle -:"“._

nica t relies upon a continuous
oy ;:ﬁ‘a:y\wum heat and water. Fuel cells
.‘ | applications; it can provide energy for
small as a laptop computer. A cell
, with a typical system being

A fuel cell is an elect

feed of a fuel to produ

are unique in terms of the
systems as large as a
contains an anode, a cathog
shewn in Figure 2.1. The e
charged electrons pass arc K creating an electric current. At
the interface with the electrodes lhe-t:e =

e ‘ ?-I"'

produced. 1;". _.‘

Figure 2.1 The schematic diagram of fuel cell



2.1.2 Fuel Cell Components

2.1.2.1 Electrolyte

The electrolyte is a material that allows the passage of the ions from one
electrode to the other. The electrolyte material is high ion conductivity, less electrical
conductivity and thermal stability. The specific type of material depends on the type of

fuel cell.
2.1.2.2 Anode

The anode of state-of-the-art SOF?S is a cermet made of metallic nickel and a
YSZ skeleton. The anede hés @ /high peresity (20-40%) so that mass transport of
reactant and product gases is net inhibited. "

&
a

]

2.1.2.3 Cathode

ERAN
& 4

DAl
Similar to the anode, the cathode is_-,a}pprous structure that must allow rapid

=

mass transport of reactant anq_pr_od.uct gas? Strontium-doped lanthanum manganite

(Lagg,Sry ¢) MNO,, a b_‘gtype semiconductor, is most oomﬁhgnly used for the cathode

LA

o

material. A -

L

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

interconnects arid manifolds.
2.1.3 Types of Fuel Cells

There are a number of different types of fuel cells.

Alkaline fuel cells (AFCs)

Direct methanol fuel cells (DMFCs)

Molten carbonate fuel cells (MCFCs)

Phosphoric acid fuel cells (PAFCs)



- Proton-exchange membrane fuel cells (PEMFCs)
- Solid oxide fuel cells (SOFCs).

Apart from DMFC, which is technically a subset of the polymer electrolyte
membrane fuel cells, others are named after their electrolyte type. Table 2.1 shows the
summary of fuel cell types and their racteristics.

Nl ﬁ

%,

Table 2.1 Summary of fuel ¢ )es and @m characteristics (Appleby and
.

Foulkes, 1993) P —

L

range (kW) efficiency (%)

0.1-50 50-70
0.001-100 40
L 50-1,000 40-45
2%0—1@.%0 50-60
L")




2.1.4 Fuel Cell Advantages and Disadvantages

Obviously, fuel cells have various advantages compared to conventional power
sources, such as internal combustion engines or batteries. Although some of the fuel
cells’ attributes are only valid for some applications, most advantages are more general.

However, there are some disadvantages facing developers and the commercialization

of fuel cells as well.
2.1.4.1 Advantages

- Fuel cells eliminate the pollution caused by burning fossil fuels; the only

byproduct is water. )

- If the hydrogen that use for the fuel cell comes from the electrolysis of

water, then using fuel cellsieliminates greenh"guse gases.

- Fuel cells do not need convehﬂnnal fuels such as oil or gas. Therefore, it
can eliminate the economic dependence on thfiﬁfél-'?uels.

g -

The production of petential fuel which is hydrogen can be distributed.

The efficiency of fuel cell is higher than that of the diesel or gas engines.

The operation.is silently,compared to internal combustion engines

- The operating times are much longer than with batteries, since doubling
the operating time needs only doubling the amount of fuel which does.not depend on

the capacity of the unit.

- The maintenance of fuel cells is simple since there are few moving parts

in the system.



2.1.4.2 Disadvantages

- Fuelling fuel cells is still a problem since the production, transportation,
distribution and storage of hydrogen is difficult.

- Reforming hydrocarbons via reformer to produce hydrogen is technically

challenging and not clearly environmentally friendly.

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

J
a “normal” car.

- Generally, fuel cells are é!ightiy bigger than comparable batteries or

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

- The production of fuel cell slbxbemm

]

- The technolegy is not fuuy dey?loped and few products are available.

2.2 Solid Oxide Fuel Cell P =

=

2.2.1 Operating Principlé

There are two typ% of electrolytes which are possible for SOFC operation;
namely, a proton éonducting electiolyle and ‘an oxygen ‘ion“conducting electrolyte.
Because of the difference in type of mobile ion, the reactions occurring at the electrodes

are alsordifferent as.shownin, Figure 2:2

The electrochemical reaction in the SOFC-H"

Anode : 2H, = 4H"+4e (2.1)
Cathode : O,+4H"+4¢ = 2H0 (2.2)

Overall : 2H,+0, = 2H,0 2.3)



The electrochemical reaction in the SOFC-0

Anode : H,+0°= H,0+2¢ (2.4)
Cathode : 0,+2 = 0 (2.5)
Overall : 2H,+0,= (2.6)

T

F o

"""J""J’

.:.r’"r" Al

QW?E]\“Iﬂim N‘P’I’ﬁﬁ }IR

(b)

Figure 2.2 Basic principle of SOFC operation (a) SOFC-H" (b) SOFC-0”

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

ions and electrons. The proton ions move across the electrolyte and react with oxygen



melecules at the cathode. The steam is then produced at the cathode. In contrast, for
the SOFC-0°, the species that pass through the electrolyte is oxygen ion which
generate from the oxygen molecules at the cathode gain electrons from the current
circuit. The oxygen ion is then reacted with the hydrogen molecules at the anode and

the electrochemical reaction takes place generating the steam.
2.2.2 Reforming Process

When SOFCs are operated with a fuel, sueh'as hydrocarbon and alcohol, three
medes of operation are pessible.

- External refefiming SOFC (ER-SOFC)

4

- Indirect intemal reforming SOFC (lIR;SOFC)
:{ ’
- Direct intémalfreforming SOFCY(DIR-SOFC)

A e
The configurations of three fodes are shewn in Figure 2.3.

v d

o

For ER-SOFC gperation, the é’team refoh.ﬁ‘ihg reactions and the electrochemical
reactions are operated separately ifi the different units and there is no direct heat
transfer between both.ui_ms. Therefore, the refermer unit re-quires high energy for the
endothermic reaction. bn the other hand, the steam .reforming reaction and the
exothermic reaction are operated together inja single unit for both IIR-SOFC and DIR-

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

For IIR-SOFC, the reformiing reaction occurs'nearby-the cell stack then the heat
transfer from the fuel cell chamber to the reformer is available. However, there is only
some part of heat can be utilized since the heat transfer rate is limited. In case of DIR
operation, the reforming reaction takes place at the anode of the fuel cell. Heat and
steam released from the electrochemical reaction is effectively used for the endothermic
reforming reaction since both processes take place simultaneously at the anode.

Therefore, in term of energy aspect, DIR-SOFC is more attractive than the others.
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H,0 External Anode side

CH, Reformer REERARRRERARAAENA
Cathode side
(a) S8888388888838888
Air

H,O [ : —
CH, “ orm =
) e

7 4 | IR ~
' L e N,

BHiH

/ BHO8 ?iﬂ,

A e
| -
Figure 2.3 The configurations of SOFC modes (a) ER-S.FG.(*J) IIR-SOFC (c) DIR-SOFC
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2.2.3 Characteristics of SOFCs
2121311 Opefi'cirCuit voltage

Open circuit voltage (OCV) is the maximum possible voltage that can be
achieved when are operating at a specific condition. Due to different concentration of
components between the anode and the cathode, this causes different potential at the
anode and cathode and results in OCV of the cell. OCV drives electrons from one

electrode to another and generates current.
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2.2.3.2 Losses

Though the OCV is the theoretical maximum possible voltage, the actual voltage
of SOFC is always less than the theoretical value due to presence of losses. Losses can

be divided into four types.
a) Activation Loss

Activation loss is the less which occurs from electrochemical reaction at the
electrodes. Some energy is required as";ctivaﬁen energy for electrochemical reaction,
e.g. adsorption of reactant.en the electrod_le surface and desorption of product out of the
surface. Generally, activation Jloss d&ninates at low current density and the
characteristics curve also.@exhibit, non'—ii_nea:f; ’However, at the high operating temperature
like SOFC temperature, the rate of this s}epﬁ is very fast, resulting in small value of
activation losses. The linear gharacteristics é;lqu can be observed.

i

ey :lj’.l

& et~ |

b) Ohmic Loss

—

Ohmic loss is.a maijor loss in the SOFC stack when-compared to other losses.
Ohmic loss results ﬁo@mamﬂmmtﬁmugh the electrodes and an

interconnector and the resistance of flow of ion passing through an electrolyte.
c) Fuel Crossover or Internal Current Loss

Normally, an electrolyte should transport only ions through the cell and no fuel
cross over the electiolyte. However, fuel crossing through an lelectrolyte or electrons

leaking to'an electrolyte is possible. Generally, fuel crossover loss is very small.
d) Concentration Loss

Concentration loss is caused by the large reduction in concentration of fuel or
oxidant when operating SOFC at high current density or high fuel utilization. The
difference between the concentration of gas in the bulk and the concentration of gas on
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the electrode surface causes this type of loss. At lower fuel utilization and current

density, concentration loss is very small.

2.3 Ethanol Steam Reforming Reaction

Thermodynamic aspects of ethanol steam reforming have received a fair amount
of attention in the published literature. The reaction is strongly endothermic and
produces only H, and CO, if ethanol r’é’acts in the most desirable way. The basic
reaction scheme is as follows: _

|

i

-

CH;OH + 3H,0° —2(200,+6H, | (AH ., =174 kJ mol) @2.7)
4o

E |

aid N

However, other undesirabie '@roduc&i'__'-s.:ﬁ’c’h as CO and CH, are also usually

formed during the reaction. Aupretfe':et al: (209‘5)' have disqussed the main reactions in
ethanol steam refommémaweewnmw by-products:

CHOH#H,0 =3 * 12C0 +4H,/ | “(AH . = 256 ki mol ") 2.8)

CH.OH +2H, — _ 2CH, +H,0 . (AH == -157 kJ mol ) 2.9)

Other reactions that can also occur are: ethanol dehydrogenation to
acetaldehyde (2.10), ethanol dehydration to ethylene (2.11), ethanol decomposition to
CO, and CH, (2.12) or CO, CH, and H, (2.13).
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C,H,OH —  CH,CHO +H, (AH =68 kJmol") (2.10)
C,H.OH —  CH,+H0 (AH,,=45kJ mol’) (2.11)
C,H,OH —  1/2CO,+3/2CH,  (AH,=-T4kimol")  (2.12)
C,H.OH —  COo+ Nwz (AH o =49kImol")  (2.13)
2
N |
= = |

Acetaldehyde a

—
% portant THtermediates that may be formed
t- L L % s -
(

during reaction even at

CO, by reactions (2.7)

(2.14)

Another forthefmnaﬁovcatbonistrmugheﬂwbne:

T RAUTINENING N3
G B DRI HRE I o

From the thermodynamic standpoint, since reaction (2.7) is endothermic and

results in increase in number of moles, increasing the temperature and lowering the
pressure is in favor of ethanol reforming.
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The water gas shift reaction (2.16) always takes place due to the presence of
CO.

CO +H,0 —> CO,+H, = -41.32 kJmol ™) (2.16)

P

2.4 Pervaporation Prooess-——-

2.4.1 Basic Principle /

The pervaporat

is shown schematically in
Figure 2.4. A feed liqui membrane; the perméate

stream is removed as a

vapor. This vapor pressure diffé € can:bey tained in several ways. In the

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

Feed P Retentate

Vapor

Permeate

Figure 2.4 The schematic diagram for pervaporation process
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2.4.2 Characterization of Membrane
2.4.2.1 Permeability

The phase change of the permeating species is one of the most different
features of pervaporation. Based on the solution-diffusion model, the flux equation can

=T NS

i ; ol

(2.17)

where the permeability cgef vith respect to the driving force

ated to the solubility coefficient (S)

expressed in terms of partia

o)
-

and the diffusivity coefficient (£ as liustrate finEq. (2.20)

In the pervaporatio meate pressure (p,) is kept as low

value, Eq. (2.17) can| mﬁl
P expsesse as: ¥

:
Augdpaninens .,
RINNIUUNIININY

and the permeation rate can be expressed as

0, = PAc (2.19)
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The permeability in Eq. (2.17) — (2.19) is defined as:

P, = DS, (2.20)
The temperature dependence : . (2.21) - (2.22), respectively.
(2.21)
2.22)
'iv d
(2.23)

vl
qUETER NN
AFIAIDWANNINYINY

Membrane separation factor is defined as the ratio of the mole fractions of
components A and B in the permeate and feed sides as follow:

Yl Vs
x,1x,

Qup = (2.24)
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2.4.3 Membrane for Ethanol Recovery

Many membrane materials have been studied for the purpose of recovering
ethanol from water. Table 2.2 shows some of the membranes that were used for ethanol
recovery in the pervaporation process.

v nchmark hydrophobic pervaporation
' MS] often referred to as ‘silicone

membrane material is poly(di /I <
been expended searching for

rubber’ which is an euastomu%
:"Mn performance than PDMS.

ial. Jlluc
n PDMS.

Vane (2005) reviewed that t

polymeric materials nano

Unfortunately, seldom

While no organic feibade’ he: lienge PDMS as the benchmark

hydrophobic zeolites hdve Shown be - : ter separation factors and

ethanol fluxes than PDMS me ‘Since it js very tly and difficult to manufacture

the loading of silicalite=1, s urce f silicalite-1 and membrane
casting conditions. The n;preased perfonnance charactensttcs with little cost increase

have led to nﬂ%qﬂwwq . Table 2.3 shows the

alcohol-water séparation factors reponed in the lntemture for smcalite-PDMS mixed

“Q"W"Tﬁ\‘iﬂifu UANINYAY



Table 2.2 Membranes used for ethanol recovery in pervaporati

0 t:e}S a'ﬂ//# rmance.
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Number Membrane material JFlux (gl b Reference Remark
1 Silicalite-filled PEBA v Gu etal. (2009) Feed 5 wt %EtOH, 40 °C
2 Silicalite coated with ~‘ﬂ! atsuda (2002) Feed 5 vol%EtOH, add 3 %wt
silicone rubber N silicone rubber, 30 °C
3 PDMS/PVDF composite membrane et al. (2008) Feed 5 wt.% ethanol, 60 °C
4 Silicalite-1 membranes n et al. (2008) Feed 3 wt% ethanol,
No commercial, 60 °C
5 silicone/PVDF Chang et al. (2004) Feed 10 wt.% ethanol, 60 °C
6 PDMS cast on C-A Lia et al. (2004) Feed 5 wt %EtOH, 30 °C
y PDMS ( SolSep 3360) et al. (2008) Feed 10 wt.% ethanol, 44 °C
8 Zeolite-silicone rubber mixed matrix Feed 5 wt %EtOH, 50 °C
membranes
9 TOA immobilized in pore of polyprépylene Atsawin Thongsukmak and Sirkar | Feed 0.5 wt %EtOH, 54 °C
hollow fiber membranes ﬂ ‘
10 | PDMS-PAN-PV membrane QU Lewandowska et al. (2007) Feed 4.56 %mAv EtOH, 30 °C

awmﬁmmumwmaﬂ

8L
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Table 2.3 The alcohol/water separation factors reported in the literature for silicalite-

PDMS mixed matrix membranes. (Vane, 2005)

3 Silicalite Separation e Remark
QS | Loadng factor s (Conc., Flux, Vacuum, thickness)
(wt %) (°c)
1 77 59 22 |7wt% EtOH, 125 um, < 1 pm particles
2 77 34 f‘”‘ 5wt% EtOH, 20 pm, < 1 um particles
3 50 293 YEoir_ 1% EtOH
4 40 28] 0.01wt% E1OH in aroma compound
5 70 Wm 1.8 pm particles
6 60 sm%f?in’wao pm, ~5 pm particles
7 62 '
8 30
9 40
10 -
11 30
12 50
13 50

2.4.4 Applications of Pervaporation
2.4.4.1 Organophilic membranes

Organephilic-membranes: are mestly;applied-fon thesremoval, ofivolatile organic
components (VOC's) from gas stream like waste air or nitrogen. Although considerable
effort in research and development has been devoted to the removal of VOC'’s from
aqueous streams but this technique has not yet been introduced into the industry
because the system are more complex and the economical value of the recovered

substances is low.




2.4.4.2 Hydrophilic membranes

The largest industrial installations of pervaporation are equipped with hydrophilic
membranes and used for the removal of water from organic solvents and solvent

mixtures.

- Solvent dehydration

The most important st % are the light alcohols, esters,
nﬁ&e

ketones and ethers. The fi e reached vary between 1% to

ted
TE—

(2.25)

] Iy
Removal of thé water from the miixture will shift the reaction equilibrium to
the side of the vé
4

HEAVERTNEANS
ARTHRMIAANIINGIAY

The separations of real organic-organic mixtures have still been to
developed and introduced into industrial application. However, specific modification of
hydrophilic membranes can be used to remove the light alcohols methanol and ethanol
from their mixtures with other organics. The selectivity of these membranes is not that
high as in dehydration processes, but sufficient for effective and economical large scale

industrial application.



CHAPTER I

LITERATURE REVIEW

The research on SOFC has |l ied out extensively. In this chapter, the
literature reviews are divided thaur main first part is about the research on
the proper fuels and the m«-mw condiions for the SOFC system in order to

make the highest perfonﬂ/—, : MHB on the study of the distillation

process integrated with SO,

Tl thmd part mentions about the membrane for
ethanol/water separation i N /4 and the last part is about the

research study on the

fuels. Hydrogen is th main fuel for r fudls are used, it needs to be
iy

reformed into hydrogen ngh gas before bea fed to the fuel cell stacks. In general, the

conversion of ﬁsﬁ %@W@ﬂ @un reaction processes

namely, steam ‘téforming (SR), pane_gal oxidation (POX) and auto-thermal reforming.
RGN O RN TN {2 e
steam-reforming, partial-oxidation and auto-thermal reforming by Gibbs enthalpy
minimization including the possibility of solid coke formation. This research studies the
effect of the parameters such as steam-to-ethanol ratio, oxygen-to-ethanol ratio and
temperatures to each of reactions. Steam-reforming operation gives a higher hydrogen-
yield as in partial-oxidation operation and get low carbon monoxide content in the
reformer effluent. So there was no danger of coke formation. In partial-oxidation

operation high hydrogen content appears in conjunction with high carbon monoxide
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content. From the thermodynamic aspects this is unfavorable choice due to high carbon
monoxide content and the need of anhydrous ethanol feed, which is costly in
production. In case of auto-thermal reforming, no strong effect on the hydrogen and
carbon monoxide formation at temperatures below 873 K and over the whole S/E-ratio
range and it can reduce the coke-formatibn and energy demand for the reforming

process. Total energy demand is of the order POX > ATR > SR.

Zhang and Yang (2008) investigated tne direct ammonia solid oxide fuel cell
based on thin proton-conducting electrolyte’ to avoid the formation of NO,. At the anode,
protons are generated and transpoited through the preton-conducting electrolyte to the
cathode and react with surface oxygen ioni& generated electrochemical reaction. Only
nitrogen and water are the chemical products. The maximum power density was 147
and 200 mWem at 873 and 923/K. Whe_n tegt with hydrogen fuel, the maximum power

density was 172 and 223 chm at 873 ’tnd 923 K, respectively indicating that
ammonia can be treated as a subsntute  liguid rfyel for SOFCs.

.u

The fuel cell efficiency and fuei ut:hzahen: of a methane-powered single-chamber

| o

solid oxide fuel cell as a funct|on of operatmg parameters mcludmg flow rate, fuel-to-

exygen ratio, fuel cell Iaxout and balance gas was studied b;_(_l:lao and Goodwin (2008).
They found that when usi@ slow fiow speed, high efﬁciency and fuel utilization can be
achieved, but the depletion of fuel and oxygen by the upstream portion of the cell is also
serious, resulting in a low total power. On the other hand when using fast flow speed, the
lecal power density at the downstream part of the cell increases significantly and the
total poweér is boosted, but the amount of the unspent fuel also increases proportionally
with the flow speed, resulting in a low efficiency and fuel utilization. In order to solve this
problem they operated the fuel cell under optimum fuel/oxygen ratio and with highly
diffusive balance gas including rotating the cell, reducing the gas chamber width or
increasing the length of the single cell but the efficiencies are found not as effective.

Hewever, the maximum achievable efficiency of a single-cell SC-SOFC is above 10%
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and the efficiency at typical operating conditions is above 5% significantly higher than
the reported 1% in literature. |

Shiratori et al. (2008) researched on the direct feeding of real biogas generated
in a methane fermentation reactor to SOFC by using Ni-ScSZ cermet as an anode
material. They found that cell voltage above 0.9 V was stably obtained over 50 h at
1273 K (200 mAcm'z) without carbon deposition. They also revealed that the direct-

biegas SOFC operated at 1273 K is tolerant te_i"ppm level H,S contamination.
-

The direct liquid -methanel” as the candidate fuel for solid oxide fuel cell was
studied by Liu et al. (2008): They cho‘fe the traditional fuels such as hydrogen,
ammonia, methane and ethanol for qompacison. The results demonstrates that when
using methanol as a fuel, no coklng was detected on anede after running about 160 h
but when the cell opemated with methafne and ethanol as fuels exhibit severe
degradation. The researchers explamed thls from the kinetic factors that molecule
structures of these three substances possess awte different characteristics. The C-O

-.-_‘.

bond in methanol easily reacts wuth exygen i&hs from cathode to form CO,. In another

J-_‘"

hand, the H,0 and COj; formed from the anode reactions during the cell operation can

suppress the carbon-«ffir_mation. Besides, Ni-based anode_-iis a good catalyst to break
CH,OH directly into CQ_and H,, which are the right fuels for SOFC. In CH,, however,
there is only C-H bonds that@oking is possible’if C-H bonds break into C and H, on the
Ni catalysis but'no sufficient @ to react with.(\While in_the case af ethanol molecule, the
situation would be surely more severe‘due to the existence of C-C bends. Moreover, the
cell performances with methanel,,humidified H, and ammonia as fuels at the same
temperatures are also tested and compared. The result showed that the performances
of cell fuelled with methanol are lower than hydrogen but higher than ammonia. The
differences in performance of the cells are related to the different process of the three
fuels involved at anode side, which can be explained by the AC impedance
spectroscopy.
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3.2 Distillation Process Integrated with the SOFC System.

The thermodynamic assessment of solid oxide fuel cell system fuelled by
bicethanol integrated with distillation column was studied by Wassana Jamsak et al.
(2007). The SOFC system composed of a distillation column, an EtOH/H,O heater, an air
heater, an anode preheater, a reformer, an SOFC stack and an afterburner. Bioethanol
with 5 mol% ethanol was purified in a distillation column to obtain a desired
cencentration necessary for SOFC operation. The«SOFC stack was operated under
isothermal conditions. The study showedJihat it is possible to operate the SOFC-DIS
system in an energy self-sufficienimede by adjusting the operating voltage and/or fuel
utilization. It was found thathigher ethanol Loncentration yielded higher electrical power
(for Cgey in the range of 16-17%), hlgher overail electrical efficiency and acceptably
high pewer density. The optimum ethanol rowvety is 80%. However, the obtained
performance of the SOFC-DIS system was quute low (0.32 Wem”, 173.07 kW, 38.3%
overall efficiency based on total ethaﬁpl ﬂow:;tg fed to SOFC-DIS system at U, = 80%,
Et@H recovery = 80% and Cg, 2141%) 1t was_foﬁhd that the reboiler heat duty was the
limit of the SOFC-DIS system: Moreover, a.huge amount of heat was lost at the

condenser.

To improve the performance of the SOFC-DIS system, Wassana Jamsak et al.
(2009) investigated The ‘MER (maximum enérgy recovery) network for SOFC-DIS
system. The utilization of internal useful heat sources from within the system and a
cathede recirculation has been considered. The-utilization of condenser duty for
preheating the incaming' bicethanol ;and. cathode recirculation for ' SOFC-DIS system
were chosen and implemented to the SOFC-DIS (CondBio-CathRec). Different MER
designs were investigated. A heat exchanger loop and utility path were also
investigated. It was found that eliminate the high temperature distillate heat exchanger
ean lower the total cost index. The recommended network is that the hot effluent gas is
heat exchanged with the anode heat exchanger, the external reformer, the air heat
exchanger, the distilate heat exchanger and the reboiler, respectively. The
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corresponding performances of this design are 40.8%, 54.3%, 0.221Wem® for overall
electrical efficiency, Combine Heat and Power (CHP) efficiency and power density,

respectively.

3.3 Membrane for Ethanol/Water Separation in Pervaporation

One of the most important tasks for pervapeéraiion is to develop membranes with
high flux and high selectivity. Therefore,"there are a lot of research studied and
improved the effective membiane for pervaperation. Gu et al. (2009) developed the
membrane from silicalite-filled ‘p0lyeﬂ1er-blo<;k-amide (PEBA) membranes for separation
of ethanol/water mixtures. In/this’ study, silicalite was added in order to improve the
selectivity towards ethanol by impreving- the:;hydrophobicity of the membrane. It was
found that when a silicalite’ content is 2.0 wt‘/o both permeation flux and separation
factor reached a maximum vaiue, 833_g/m2h 'a_rggdq 3.6, respectively. Moreover when the
feed concentration and temperature increase, éﬁh%eparation factor and total flux also
increased. This result shows the epposite trenéi";ﬁiﬁ the literature study that selectivity
decreases with increasing_ieed_tempecature._li_can-be_expléined by the fact that the
activation energy of ethanel was a little higher than that of wéf;r which implies that the
organic permeation flux is more sensitive to the increase of temperature compared to
that of water permeation flux, 'so the permeation of ethaneliincrease faster than that of

water then the separation factor increase.

The, muliiple-layercompaosites .membranes with ‘an jalternating /silicone/PVDF/
silicone configuration were prepared by Chang and Chang (2004). This membrane was
tested over the entire composition range of ethanol/water mixtures in pervaporation
processes. The separation factor of the composite membrane increased with increasing
the thickness of the active silicone layer whereas the permeation flux follows a reversed
order. The results indicated that this membrane gave the best performance with a

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



ethanol feed concentration. This membrane demonstrated superb pervaporation
performance comparing with traditional membranes that had only one active

permseletive layer.

Fadeev et al. (2003) investigated the pervaporation recovery of ethanol from
yeast fermentation broth using poly[1-(trimethyisilyl)-1-propyne] (PTMSP). They found
that the deterioration of PTMSP pervaporation performance in the presence of
fermentation broth is caused mainly by factors other than physical or chemical aging or
deposition of cells on the PTMSP membrane surface. It Was found that free volume of
the fouled PTMSP membrane was ogeupied \_Nith the highly sorbing and low volatility by-
products of the fermentation broth; most Iikeh' with diols. The PTMSP film did not show
appreciable deterioration of membrane properbes in the pervaporation of aqueous
solution of organic compounds with high volatglty The ethanol separation factor is 19.9
and the permeation flux is about300 glm b

rAAS ¥
'l'

¥/
Lin et al. (2003) studied the preparaten ,of silicalite membrane related to

-.-_‘.

membrane separation properties focusmg on mf satu crystallization to prepare highly

selective silicalite membranes on porous tubular supports t;y a single hydrothermal

treatment. The membrane,separat&on properties were eonkolle_dby synthesis conditions
such as seeding, temperatures, supports, and silica sources. The results show that the
better silicalite membranes, Speeifically, higher séparation selectivities, were prepared
by in situ crystallization.using the colloidal silica. The highest ethanol/water separation
factor was 106 with a flux of 0.9 kg/mzh for a feed cencentration of 5 wt% ethanol at
333 K.

High-performance silicalite-1 membranes were synthesized via two-step in-situ
hydrothermal synthesis on novel porous silica tubes by Chen et al. (2007). Improving the
separation performance of silicalite-1 membranes was achieved by filling supports with
mixed solution and aging before crystallization. After repeated calcinations, silicalite-1
membrane synthesized on silica support showed thermal stability, which suggested that

silica supports were more suitable to prepare high-performance silicalite-1 membranes.
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Permeation flux and separation factor towards ethanol/water mixture at 333 K were 0.56

kg/mz-h and 84, respectively.

3.4 SOFC modeling.

In order to simplify the study, there are'a lot of research used the programs to
simulate and set up the experimentation. Ni et al. (2008) developed an electrochemical
model to study the methane (CH,) fed solid oxide fuel cell (SOFC) using proton
conducting electrolyte (SOFC-H) and oxygen ion conducting electrolyte (SOFC-0). The
result reveals that the actw performance 7of the CH, ied SOFC-H is considerably lower
than the SOFC-O, partly dyé to'higher ehmic' overpotential of SOFC-H which difference
from the previous thermédynam”\c ;aﬂaI;ses_T{ The anede concentration overpotentials of
the CH, fed SOFC-H and SOFC—O__ar_é-fouriigoﬁdecrease with increasing temperature,
which is different from previous analyses on the H, fed SOFC. The difference between
this study and the previous sfudy’r’is:jlue to t& fact that H, is produced in the CH, fed
SOFC via methane steam reforming (MSR) aanater gas shift (WGS) reactions increase
with increasing temperatuce,_mate_l:l.zsan_be_;xoducecLal@levated temperatures, and
as a result, leading to hngher H, molar fraction and lower concentrat:on overpotentials.

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

attain the minimize électrode total ‘overpaotentials.

Arteaga et al. (2008) simulated and evaluated the bioethanoliprocessing system
to feed @200 kW solid oxide fuel cell: The general scheme of the process is composed
of vaporization, heating, bioethanol steam reforming (ESR) and SOFC stages. The
performance pseudo-homogeneous model of the reactor, consisting of the catalytic ESR
using a Ni/AL,O, catalyst, has been developed based on the principles of classical
kinetics and thermodynamics through a complex reaction scheme and a Lagmuir-
Hishelwood kinetic pattern. The resulting model is employed to evaluate the effect of

several design and operation parameters on the process such as tube diameter,
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catalyst pellets diameter, temperature, space time and water/ethanol molar ratio. It can
be concluded that higher water/ethanol ratio (R, = 5:1) and temperatures (above 773
K) favors hydrogen yield (Y, = 4.1) and selectivity (S,, = 91%). At temperatures above
773K and R, > 6, the reforming efficiencies exhibit a plateau because of the

thermodynamics constraints of the process.

Arteaga-Perez et al. (2009) also studied the simulation and heat integration of a
solid oxide fuel cell by using Pinch technologyto.design the heat exchanger network of
an ethanol fueled SOFC system. The sys'itém and fuel cell efficiencies are studied under
different process conditions,temperature, water to ethanol molar ratio and fuel utilization
coefficient. The SOFC off gases are mixellh and fed to an afterbumer providing heat to
the process. Two heat exchanger n‘étwoﬁé were designed being demonstrated that
when the fuel utilization coefficient ) in _\jw; SOFC is 80%, the reforming reactor
temperature is 823 K and the e;h?nol té’_:?(adt__er molar ratio is 1:5.5 then the auto-

E |

sustainability condition is reached. . ¥ IR

i
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Piroonlerkgul et al., (2008) mvesttg&fed the suitable reforming reagents for
biogas fed SOFC systems whcch are programmed |n Vlsual Basic. The system

configuration dlvnded.-in_to three main systems namely, _-SOFC using steam as the
reforming agent (steam-fed SOFC), SOFC using air as the reforming agent (air-fed
SOFC) and SOFC using botfi~air and steam‘as the reforming agents (co-fed SOFC). It
was found that steam is. considered. to be ithe mast suitable reforming agent as the
steam-fed SOFC (H,O: biogas = 1.2; CH,:CO, in biogas = 60:40 and fuel processing
temperature = 873+K) ‘offers much.higher power density than the air-fed SOFC (air:
biogas = 1.6, CH,:CO, in biogas = 60:40 and fuel processing temperature 1073 K)
although its electrical efficiency is slightly lower due to the high energy requirement in
the steam generation. In the case of the co-fed SOFC (H,O: biogas = 0.8, air: biogas =
2, CH,.CO, in biogas = 60:40 and fuel processing temperature 973 K), the power
density can be improved but the electrical efficiency becomes lower compared with the

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



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

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

MODELLING

This chapter presents all of the simulation models and calculation procedures for
both two different purification processes and ihe*SOFC system. Aspen"‘ Plus program
was used to simulate the puiiiicaiion precess. in-erder to find the optimal operating
conditions that require the migimum energy censumption. For the SOFC system, the

performance analysis was evaluaied by visﬂ!al basic program.

4.1 Bioethanol Purification Progess i,

4.1.1 Distillation Process N

.--..:'ljll

. il

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

chips which is the raw.material in this research (Leng et. al.,'2008). Since ethanol is the
main composition in thefermentation broth then in erder to simplify the calculations, the

solution is assumed to contain only ethanol and water.

The schematic diagram of this model is shown in Figure 4.1. The distillation
column module that used for the simulation was the Radfrac rigorous equilibrium stage
distillation equipped with a partial condenser and a kettle boiler. The-minimum heat duty
can be obtained by adjusting the number of stages, feed stage, reflux ratio and distillate
rate for the designed ethanol recovery and purity. The bottom stream may be partially
mixed with the distillate stream to obtained designed concentration of ethanol.

The mixing solution was heated up to the reformer temperature by the heater
which operate at the temperature of 1023 K and pressure of 1 atm (Wassana Jamsak et
al., 2007) before being fed to the external reformer and the SOFC system. The energy .
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consumption for distillation process composes of condenser duty, reboiler duty and
heater duty. It was assumed that the power consumption was neglected due to the less

power use for distillation compare to the pervaporation process.

/J\ m'hﬂ //

EtOH/H,0
—_—
3.16 mol% EtOH

Distillation
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Figure 4.1 The schematic diagram of purification prg{cgss by distillation
Y ¥
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4.1.2 Pervaporation Process

The schematic diagram of the pervaporation process is shown in Figure 4.2. The
pervapofation of biocihatiol Solutioniwas carried outlat 833 K(Chen ét al., 2008) with
two differént level of permeate pressure i.e. 0.1 and 0.05 atm. The permeate stream
purity depends on the separation factor of the membrane. Therefore, the operating
conditions can be obtained by adjusting the separation factor of the membrane. After
that the energy and power consumption that required for bioethanol purification to the
designed ethanol recovery and purity was calculated. As mentioned earlier, retentate
stream may be partially mixed with the permeate stream to obtained 25 mol% ethanol

concentration. Since there is the high different level of temperature between two streams
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then the retentate stream was preheated to the same temperature as the permeate
stream before mixing. After that the mixing stream was heated up to the reformer

temperature (7 = 1023 K) before being fed to the external reformer and the SOFC

system.
#
~ —-——A 25 mol%
. \. EtOH / \\ To refomer
Retentate | 1 ‘
) Ve N N r Heater 2
- N\ T=1023K
EtOH/H,0 NG -

3.16 mol% EtOH &

Pel'VIpOl‘l a7 3

s e e |

ion process by pervaporation

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

mass balance and ﬁﬂﬁﬁ ﬂ‘ﬂ’ﬂ {w EJ f] ﬂ ‘j

4.1.21 Massquaalance equations ¢

AR AR NN .

equations are as follow:

F = P + R 4.1)

xF = y,P + xR 4.2)



Recovery = 714 (4.3)
xF
xp l(1-xg)

From Figure 4.2, m total energy required includes & energy for pervapaoration

e B S S T e e o
consumption for ma t n nﬁhe simulation using
Aspen™ Plus program. The energy for pervaporation unit and the power/consumption for

vacum g o bl byt ahnr oors. || 5 £

- Pervaporation unit

) B
0 = m]c,dr + mL 4.5)
T




- Vacuum pump

In this research, the efficiency of the vacuum pump was assumed to be 75%.
The outlet gas temperature of vacuum pump and the power consumption can be

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

1 J AP E -
T,, = T i+ L -1 (4.6)
”p-tp Pin
T, |
Wy =iy AC AT @)
7 -
)
C’ ")
where y = dda (4.8)
CP -R =il
4.2 The SOFC system modelling

This research applied the SOFC modeling from Pakorn Piroonlerkgul et al.,
(2007) to analyze the performance of SOFC system’ integrated with two different
purification processes. The SOFC system modeling have been verified with the
experimental ‘results. of ‘Zhao“et al., (2005) ‘and 'Tao et al.; {2005) at the high
concentration of hydrogen in feed (mole fraction of hydnogen = 0.97) and also verified
with the experimental results of Petruzzi et al., (2003) at the low concentration of
hydrogen in feed (mole fraction of hydrogen = 0.26). It was found that the simulation
results showed good agreement with those from the literatures.

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

composes of the external reformer, SOFC stack, afterbumer, heater and cooler. It should
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be noted that although the DIR operation provides the highest effectiveness in term of
energy aspect but the route to produce hydrogen in the commercial applications is very
complex. Therefore, the ER-SOFC operation‘is used in the study.

The 25 mol% concentration of ethanol from the purification process was fed to
the external reformer which was simulated by AspenTM plus program and the calculation
was based on phase and chemical equilibrium. In }p};er to simplify the calculations, the
reformer was assumed to operate isethermally and the eutiet gas reaches its equilibrium
composition. After that the refor_med gas whi‘é"h assumed o contain only 6 components
i.e. H,, CO,, CO, H,0, CH, and G;H,OH were fed to the anede chamber while excess air
(500%) was preheated and yf‘ o the ¢athode chamber of the SOFC stack. The
electrochemical reactions as iliist, i@'d iriEqs-(AQ) and (4.10) take place in the SOFC
stack and the unreacted fuel % rptm ;he %’T.tetbwner which was assumed to obtain

(74@14?{ gasf.:ya? cooled and discharged to the

# E |
e X

ddd
y
L

the complete combustion. Th
environmental at 403 K.

m— —a
= —

Figure 4.4 The schematic diagram of the SOFC system

1120, + 26—  0O” (4.9)

H, + O°° —» HO + 2¢ (4.10)
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For SOFC stack, the Ni-YSZ, YSZ and LSM-YSZ were used as the materials for
the anode, electrolyte and cathode respectively. Since the H, electro-oxidation is much
faster than CO electro-oxidation then it was assumed that only hydrogen ions reacted
with oxygen ions and the gas compositions at the anode are always at theirs equilibrium
along the cell length.

The electrochemical model an

.( Wrocedures are expressed as the
following section. " )/’r
_d
4.2.1.1 Open circuit v

The open circuit vo | the Nernst equation as

expressed in Eq. (4.11)

(4.11)

v
Z

The actual cell ﬁenhi (¥.is always less than the open circuit voltage (E) owing

i e s a9 m&umni
q *mawmzu Nﬂﬂﬂiﬂa 3

= B Tat ~Mitic ~ Mo 12
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4.2.1.2 Overpotentials

The overpotentials are divided into three types: ohmic overpotential (7, ).
activation overpotential (7,.,) and concentration

ential (77,,,.) which can be
explained as below:

- Ohmic overpotential

The ohmic overpotential is @‘u//&aw to flow through the

electrodes, interconnections aw

SOFC stack which can be calculat:

hightenmaawm,ﬂ\ereacﬁmmfics.vefywml%svmsm.ﬂus

INEINT
ARIAINTUUNIINYIR

P = i “{%),W(&Miﬂ (4.14)
i RT RT

In case of SOFC, the value of & and z are 0.5 and 2 respectively. Consequently,
the activation overpotential at anode and cathode side can be written as:



Now = %a—h"(—'-] (4.15)

F o S

The exchange current density
calculated from these two

e = 7| D Tl A "_\ @.16)
e = 7 - @ @7
- Concentration overpotential =~
The concentration ¢ V concentration of

1I

gas between the bulk and the reaction site. It can b oumabdbmq‘(“l)and(ﬁs)

ﬂﬁﬁl’&ﬂﬂﬂﬁ‘iﬁmn‘i

AR ﬁﬁéﬁ;ﬁtﬁ HINY,

a- (2F)(

B-(ann



_ RT Po,
' (R:""a,)"((’c"‘o,)"o,) —X )i

4F chr
(4.19)
”““”“”“-é““é’-—-__*.*
%, = (4.20)
Dygy = {2 Pyuir = 4.21)
LYl 5 (4.22)
Dc(') - D, | 5

(4.23)
Dy,

w@ﬂﬁﬂ%’w mn‘a‘

’Q‘mﬁﬂﬂ‘im UAIINYAY

Eq. (4 25) shows the relation between effective parameter (D,,) and nominal
parameter (D):

D(") = —D . (425)
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The correlation below is used to calculate the Knudsen diffusivity:

’ T
D, = 9700 | — 4.26
LK MA ( )

The Chapman—Enskog w§ for@ the ordinary diffusivity:

D,, = 185 : "--v'\;x" (4.27)

where 6,; and €2, can be calculated from owing equations.

.. X
o, = Za° 1 (4.28)

A WEAIEINIRT
9 W?ﬂﬂﬂim AN

where T is equal to 7/ g,; and A, C, E and G are constants for each gas.

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

/4
%Overall electrical efficiency = ————x100% (4.30)
Ngon LHV pon



The overall parameters used in this-model are summarized in Table 4.1.

Table 4.1 Summary of model parameters
Parameters Value Parameters Value
L (pm) 50 oy B 2827
e mad | 10wt N/ Aae | 264
E, .. (Jimol) doxtot | e 3.798
%, (Am) 10" —“ 3.467
7. (Am) ‘ o\ | B 59.7
I, (pm) . 2 )&{';. . 809.1
I, (um) / : - | Y 714
£ (um) 4 ﬁ’. 106.7
n jr
e el
TR

* AUl InenineIns

v/
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: FC stack, the SOFC stack
|
region which has equal fueljniilization as shown in Figure

q T T T T T T~ | —
IR EREE I
EMFl: EMF1 EMF ‘ EMF4: EMF# EMFg :EMI"ﬂ
inpit I Rt Ry Ret Rii Rsi R | i Ry
Al:Az:A;:M:Aa:Ac: :A.
i::iz:io:h:is:ic| :i.
Uy Uy Uy Yoy Upy U | 1 Ug
1 1 1 1 1 ' 1
i | 1 1 | Y —— |

Figure 4.5 The SOFC stack area separation for the calculation

v
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- The calculation procedures are as follow

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

step size is 0.01.

4.2.2.2 The electrochemical calculation performs_using the sets of equations

4.2.2.3 The SOFC ar .calculate from the following

equation
Af - _'_ — :-” = (4.31)

The calculations -are_re ad_until_the value o J; reached the final fuel
and the total electricity
(W,) are calculated employirP Egs. (4.32), (4. 33) and (4. 34) respectively.

AULAINENINYINS
ﬂﬁﬂﬁ@&ﬂmuwWQWHWaﬂ v

Poe = int (4.33)
W, = ff (4.34)



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

Figure 4.6 The flow chart of the program calculation procedures



CHAPTER V

RESULTS AND DISCUSSION

5.1 The optimal operating conditions for bioethanol purification

In this section, the optimal operating conditions'that require the minimum energy
consumption for two different purification progesses (i.e. distillation and pervaporation)
were investigated. The total heat and electrical power consumption for both distillation
and pervaporation processes weje determinedl by following the details described earlier

in the modeling section. The'resulfs are discussed below.

5.1.1 Distillation

-«."H.-"'L !

. |

As mentioned before, the heat consumpu?n Yor purification can be obtained by
varying the involved parameters, i.e.~ethanol punty in the distillate stream, ethanol

recovery, the number of column stage and feeﬁ stage Figure 5.1 shows the heat

consumption for dnstlllatlon umt as a functlon of the number of column stage. It can be

seen that less heat requured when operates at more number of stages. When increasing
number of stages, the heat consumption dramatically decreases initially at lower number
of stage and reduces, steadily; however, the more number of stages mean that more

capital cost for distillationColumniis needed.

It was) found thal there is“a suitable ethanol purity for the| purification which
requires the minimum total heat consumption. For example, from Figure 5.2 with ethanol
recovery of 90%, the purification to 35 mol% concentration of ethanol requires less total
heat consumption. Therefore, it is worthy to use these conditions for the distillation
column. The optimal operating conditions for different ethanol recoveries are
summarized in Table 5.1. The results show that when the distillation column operates in

order to achieve the higher ethanol recovery, more heat is required.
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Figure 5.2 Effect of the ethanol purity on the total heat consumption (Q,,) for distillation
column (Ethanol recovery = 90%)
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Table 5.1 The total heat consumption and the optimal operating conditions for

bioethanol purification by distillation process

Conditions Ethanol recovery (%)

80 85 90 95 99
Ethanol flow rate (mol/s) 6,685 7,059 7,473 7,872 8,191
Water flow rate (mol/s) 20,055 | | ‘?11 ,164 22,419 23,617 24,625
Total flow rate (mol/s) 26,740 | 5@.}}; 29,891 31,489 32,816
Ethanol purity (mol %) —— |, e 35 35 35
Number of stage — | | 4 - «-- 5 6 7
Feed stage ‘3 2 - 2 2
Total heat consumption (M ", | 13881 3763 | 3818 | 4,104

/ i § '

5.1.2 Pervaporation r N :} .

Fr T
For pervaporation, the vacuum pump @":’installed in order to reduce the

operating pressure at the membra'ne‘-bérrneatéf's‘ﬂléér Two difjerent pressures at the

permeate side were inve ; e
power consumption can be talculated by varying the separation factor and the ethanol

: ':io_ial heat and electrical

.'\\,\_J

recovery. The effect of sepé?ation factor on the ethanol pun't; at permeate stream and
the permeate flow fate'is 'shown in'Figure 5.3. it was foeund that there is the minimum
separation factor for‘bioethanol purification to achieve a desired ethanol concentration
(25 mol%). From Figure 5.3, when‘the separation facterincreases; the sthanol purity at
permeate stream also increases while the permeate flow rate decreases. The permeate
flow rate reduces dramatically at the beginning and steadily reduces after the
separation factor of about 200. For the effect of ethanol recovery, the permeate flow rate
increases with increasing the ethanol recovery since more ethanol is recovered at high

recovery than that at low recovery.




47

- 36
rao,..
_ -1
ié _zog - - = =Recowery = 80%
bt 3 |— — Recowery = 85%
g - 15 @ | ———Recowery = 90%
* .—102
)
1000

Figure 5.3 Effect of the sepg%tio‘n fa_,cto_r on‘btho_ ethanol purity at permeate stream and
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Figure 5.4 shows the effect of the sepa?aﬁbn factor on the total heat (Q,,,) and
electrical power consunjpunn_(w,_,,,)._lx_can_be_seen_matyﬁen the separation factor
increases, the heat consumptton increases significantty partlcularly at low separation
factors and then gradually increases at higher separation factors. The opposite trend
was observed for the electrical péwer consumption. This is bécause the electrical power
consumption depends on the flow rate of the permeate which continuously decreases at
higher separation-factors) due .to the | higher rethanol purity: achievadyyand therefore,
higher ameunt of heat is demanded to preheat water in the retentate for mixing with
purified ethanol to obtain the reformer feed at a desired ethanol concentration (25
mol%). It should be noted that in order to compare the energy requirements for the
operations at dif_ferent values of ethanol recovery and permeate pressure, the
membrane separation factor was kept at the value that provide the permeate ethanol

purity near 25 moi%.



) and electrical power

::J'. -{r- :I_.nr
consumption (W, ..,) (Permgate pr SJ@f" :

se==
The optimal operating condjgi_o#@jo‘r; nt pressures at the permeate side
T

are summarized in Tab:ﬁ 5.2. It can be seen tt ing of pressure at the

permeate side offers lower h . ) ctriCal power consumption.
This is because when the gstem operates at low permeate mssure. the temperature of
the permeate stream, i hii\T a h r pressure (see Eq. 4.6) and
hence the heat am i nﬁ%ﬁﬁ%ﬁﬁiﬁﬁ m to the reformer
temperature decre:;l&s. In case of the électrical power; the lowering éf-pressure at the

permeate iaq geksHigner pietichl ot | consumbibr. binde | foures more

q

electrical power for vacuum pump operation.



49

Table 5.2 The total heat and electrical power consumption and the optimal operating

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

Permeate | Ethanol Conditions
pressure | Recovery Ethanol flow | Water flow | Total flow rate Que W,
(atm) (%) rate (mol/s) | rate(mol/s) |  (mol/s) (Mw) (MW)
0.10 80 26,520 1,365 453
85 28,164 1,459 489
90 29,820 1,566 518
95 31,463 1,670 548
99 " 32,794 1,755 572
0.05 80 26,520 1,143 680
85 28,164 1,219 733
90 29,820 1,312 776
95 31,463 1,402 821
99 32,794 1,475 856

5.1.3 Comparison bet'véqn distillation and pervaporation

Table 5.3 shows _the total heat and electrical

Pl

=

power consumption between

distillation and /pervaporation processes. It was found that pervaporation process

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

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

permeate’|side requires the higher electrical power consumption because it requires

more electrical power to generate less pressure.




Table 5.3 The total heat and electrical power consumption comparison between

distillation and pervaporation process

Ethanol Total heat consumption (MW) Total power consumption (MW)

recovery | Distillation Pervaporation Distillation Pervaporation
(%) 0.1 atm | 0.05 atm 0.1atm | 0.05 atm
80 3,580 1,365 1043 0 453 680
85 3537 1450 | 12004, o 489 733
90 3,763 660 13.!312":,.5:-0 518 776
95 3818|670} ._1[402 . 548 821
99 4,104 ﬁg // 1&;75‘ 0 572 856

5.2 Performance of SOFC $ysiém at the base condition

‘)*.

In this section, the effect of the' *operatlng conditions such as voltage,
temperature, fuel utilization and ethanol reé@rery on the performance of the SOFC
system, i.e. power density, area of SOFC stacﬂz_qat of the SOFC stack (Qg), the net
useful heat (Q,) and electrical efficiency at thé;i_sase.condition have been investigated.

=

5.2.1 Effect of operati:igf}voltage

Ly
L

Figure 5.5 represeénts the effect of operating voltage and fuel utilization on the
power density, area of SOFC stack; electrical-efficiency and.net.useful heat (Q,,) which
is the difference between the exothermic heat (SOFC stack and afterburner) and the

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

From Figure 5.5(a), it can be seen that at all values of fuel utilization, the power
density decreases when operating at the higher operating voltage while the area of
stack increases. Therefore, the operating voltage should not be too high because it

requires the larger area of SOFC stack and more cost consumed.
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and the area of SOFC stack and (b) the electrical efficiency and the net useful heat (Q,,)
(Ethanol recovery = 80%, Temperature = 1073 K)

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

stack. This leads to the lower overall electrical efficiency as shown in Figure 5.5(b). In
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addition, operating at low fuel utilization remains more unreacted fuel exiting the SOFC
stack which is burnt in the afterburmer and produce more combustion energy to
compensate heat loss. Then net useful heat (Q,,) in the SOFC system at low fuel
utilization operating is higher than that at high fuel utilization. However, operating at high
fuel utilization obtained the higher overall electrical efficiency since there is more

hydrogen to react.

5.2.2 Effect of operating temperature
J
The effect of operating temperature is shewn in Figure 5.6. Since the higher
power density can be obtainedWhen decrefsing total resistance and it was found that
total resistance decreases gn o_peratigg ai_ r]egh temperature. This leads to obtain the
higher power density at hij( operating te;np;{ature whieh is shown in Figure 5.6(a). On
the other hand, the area gi’;SQFG sféqk déf;rt;;ases when the operating temperature

increases. It was found that ifie area of SOFff ‘stack dramatically decreases when the

operating temperature increases from 873 to BTBK, fnd slightly decreases after 973 K.

.—,—_i

It is clear that the operating temperatuhe ‘haS‘no effect on the overall electrical
efficiency at any fuel utmm%mtedaﬂ%gufeéﬂb)—lt:‘Was found that although it
requires more heat energy for increasing the fuel tomperature but after the hot gas left
from the SOFC stack and was bumt and cooled down, the heat energy was recovered.
Therefore, the temperature has ne |eifect on the ipower and heat energy hence the
overall electrical efficiency of the SOFC system is constant. As mentioned earlier, higher
fuel utilizatienprovideSymore-hydrogen! té react then theé overadll electrical| efficiency is
higher thanithat at low fuel utilization. It can be seen that heat of the SOFC stack (Qgor)
decreases as operating temperature increases. However, operating at high temperature
may damage the physical property of the SOFC component though it requires less area
of SOFC stack as seen in Figure 5.6(a). Therefore, it should be better not to operate the
system at too high operating temperature. From the results, it is worthy to note that the

development of the cell components is very important task.
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Figure 5.6 Effect of the operating temperature and fuel utilization on (a) the power
density and the area of SOFC stack and (b) the overall electrical efficiency and heat of

the SOFC stack (Qg;) (Ethanol recovery = 80%, Voltage = 0.7 V)



5.2.3 Effect of ethanol recovery

Figure 5.7 presents the effect of ethanol recovery on the overall electrical
efficiency and the net useful heat (Q,,). At high ethanol recovery and fuel utilization,
more ethanol is fed to the SOFC system hence the overall electrical efficiency increases
as shown in Figure 5.7. Similarly, the net useful heat (Q,,) also increases as the ethanol
recovery increases. In addition, ther nreacted fuel to be burnt and to
compensate the higher heat de @ @tlon Therefore, the net useful

heat (Q,,) at low fuel utilizati hanlhat utilization.
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5.3 Performance of SOFC integrated with two different purification processes

This section investigates and compares the performances of the SOFC systems
integrated with the different purification units (i.e., a distillation column and

pervaporation). The results are discussed below.

5.3.1 Perfonnanoesatthebaseoond r"

The operating temperatug-‘nd the e&ulmment for all important units in
the SOFC system mtegratw dlstilfatio and pervaporation process at

158" and F > 5.9 respectively. For the SOFC

the base conditions are sho
system integrated with the | thanoa N = 80%, Voltage = 0.7 V,
Ceon, dissioe = 40 Mol% a ization =70%), the system achieved the electrical
n thich is the difference between the
exothermic heat (cooler 2rby : : sthermic heat (heaters and

that the exothermic heat is

required. ,,z;: Y. @;

In case of the

C system integrati ration process (Ethanol

recovery = 80%, Voltag_‘q}= 7V, co 0.7 mﬂ}{). Separation factor of the

EtOH, permeate
membrane = 49, Fuel utiliZatian = 70%, Permeate pressure = 0.1 atm), the electrical

power (W) of ﬂu\i‘l ,](im/&l mrngﬂal Qtﬂ iquwes the additional
electrical power for vacuum pump operation hence the net electrical power (W, ) of the
systom 939,304 MIVER S ob Sée laiteleleotica meter () ity tower than
that in thg SOFC system integrated with the distillation process. However, when
considering the net useful heat (Q,,,). it was found that the net useful heat (Q,,) of this
system is 383 MW. This results show that there is some extra heat left from the system

and the system can operate without requiring the external heat source.



Qc- =84 MW
Air ‘>®‘
T=298K
Heater 2
Qu; = 37289 MW
T..-lml( " Tm-lmx
F———
EtOH/H,0 _:D—Q—» ( >——> o 2w
_—_
Mixer Heater 1 Reformer SOFC
O =1423 MW Qg =421 MW \
Splitter ( )
Distillation W3 After burner
Column ﬁ‘E < Qur =3085 MW
"
Qr=2073 MW
R Draia -
Qc = 36387 MW

)

i

.
.

Figure 5.8 Energy and temperature fbr_ varieus units in SOFC system integrated with
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Figure 5.9 Energy and temperature for various units in SOFC system integrated with

pervaporation process (Ethanol recovery = 80%, Voltage = 0.7 V, Cprop pormea = 29-7

mol%, Separation factor = 49, Fuel utilization = 70%, Permeate pressure = 0.1 atm)
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The effect of the operating voltage on the net useful heat (Q,,) for the SOFC
system integrated with distillation and pervaporation processes at fuel utilization equal to
70%, 80% and 90% are illustrated in Figure 5.10, 5.11 and 5.12 respectively. It can be
seen that there aré energy self-sufficient condition at which Q,,, is equal to zero. It
indicates that the system can operate without the requiring of external heat source and
at this condition; it achieves the maximum electrical efficiency. Therefore, the
performance of the SOFC system integrated wilﬁlﬁvp different purification processes at

Q,, €qual to zero were investigaied in the next section:

_.' .T_‘ul‘lr TR I-
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Figure 5.10 Effect; of operalingyvoltage; en~the snet useful~heat in distillation and

pervaporation process at the base condition (Fuel utilization = 70%)
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Figure 5.12 Effect of operating voltage on the net useful heat in distillation and

pervaporation process at the base condition (Fuel utilization = 90%)
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5.3.2 The appropriate operating conditions for SOFC system integrated with the
purification process (Q,, = 0)

The performances of SOFC system integrated with a distillation column and
pervaporation processes were investigated and compared. The integrated system was
operated at the net useful heat (Q,,) equal to zero conditions because, as mentioned
earlier, it achieves the maximum electrical /efficiency for the overall system without
requiring the external heat seurce. The excessive-heat from the SOFC system can
supply to the purification units'which require the energy. The influence of the operating
conditions for the SOFC system sucCh as operating veltage, operating temperature and

ethanol recovery on the periermances of thb SOFC system was investigated.
Figure 5.13 indicates that when-the speratmg voltage is between 0.5 and 0.8 V,
the area of SOFC stack starts'to increase éradually and dramatically increases at the

operating voltage greater than 0.8 V. ln contr’aét ‘both of the heat of SOFC stack (Qgqxc)

and the power density increase wnth mcreasmgilg operating voltage. Although the heat

-.-_‘.

of SOFC stack decreases when the eperatnng ing voltage increases but the appropriate

-|-\._‘_|_

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

the high operating vpl'age Similarly, the operating voltagg should not be too low

because of more heat generate from SOFC stack (Qgo.).

The effect of operating témpératire is-illistrated iniFigure 5.14. It was found that
the area of SOFCstack dramatically decreases when the operating temperature rises
from 87310 973 K,ard reduces-gradually after:973 K Moreever;the-heat of SOFC stack
(Qorc) decreases with increasing the operating temperature while the power density
increases. Therefore, the operating temperature should not be too low because it may
cause the excessive heat generated in the SOFC stack which can directly damage the
thermophysical property of the cell components and it also requires more area of SOFC
stack. However, too high operating temperature is not recommended because of the
limited of the SOFC components’ material and the complicated control system for the

operation.
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Figure 5.13 Effect of the operating voltage on (a) the heat of SOFC stack (Q,,) and the
area of SOFC stack and (b) the power density and the area of SOFC stack (Ethanol
recovery = 80%, Temperature = 1073 K)
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Figure 5.14 Effect of the operating temperature on (a) the heat of SOFC stack (Qgqpo)
and the area of SOFC stack and (b) the power density and the area of SOFC stack
(Ethanol recovery = 80%, Voltage = 0.7 V)
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For the effect of ethanol recovery, the overall electrical efficiency increase with
the increasing of ethanol recovery as shown in Figure 5.15. Although at the higher
ethanol recovery, the required energy for the purification system rises but the amount of
ethanol provided to SOFC system increases. Consequently, the overall efficiency is
higher when increasing the ethanol recovery. However, for distillation, the overall
electrical efficiency at high ethanol recovery is almost constant. This is because at the
higher ethanol recovery, more energy requireésiﬁ,distillation system causes the SOFC
system to operate at lower fuel uiilization in order ;e' leave the more unreacted fuel to

burn and compensate the-higher demand heat.

r

- OL
It can be seen tha DEC system integrated with pervaporation unit provides

higher electrical efficiency iha H_a’t iht:aéraiea with distillation column unit. Furthermore,

the lowering pressure at th ;mbrane pesmeation side offers slightly lower electrical
i

H ";A(eye:r, it s&ylg be neted that the area of SOFC stack

efficiency than the other €as
in case of pervaporation is‘higher th_grj that f_ﬁp’_.Qistillation. Therefore, it is recommended

that the economic evaluation shodt&ilé doneﬁ i"dth S stems.

£
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Figure 5.15 Effect of the ethanol recovery on the overall electrical efficiency and the

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



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

F
"o

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

distillation and pervaporation were studied. Bioethanel was used as a fuel for the system
as it is an interesting sefewabie fuel that is non-loxic, easy for storage and
transportation. In case ou/::;ﬁon lrooess it was found that the purification by
pervaporation consumed heat ene@/ than that by distillation. However, the

/ requnred'ﬁ.fof the" vacuum pump ‘operation. For

dd

pervaporation process, the nﬂeate ﬂresm of 0.1 and 0.05 atm were investigated.

additional electrical pow:

The results indicated that the }cwenmg pressul"o-at the permeate side required less heat

consumption and more electrical bower cons@ﬂon
r __-" r’ -‘; 'i._-‘__

For the SOFC s_ystem mtegrated with the punﬂcabefn prwess the influence of

operating conditions stfé:h as voltage, temperature and etﬁanol recovery on the SOFC
performances was presented. The result showed that the system can operate in an
energy self-sufficient ;mode- by -adjusting -the, ,eperating -parameters. The optimal
operating conditions'at Q,,, equal to zero conditions were that the operating voltage was
between_0.65_and 0.80 V and the operating temperature was in the range from 973 to
1173 K. "Moreover, for ‘pervaporation, ‘the ‘maximuin overall elecirical-efficiency was
archived when the ethanol recovery was equal to 99% but' it requires the higher
separation factor of the membrane which is 923. However, the area of the SOFC stack
also increased as the ethanol recovery increased. In case of distillation, the maximum
overall electrical efficiency at high ethanol recovery operation was nearly constant due
to the increasing of energy demand for the distillation unit hence the optimal ethanol

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



process with the permeate pressure of 0.1 atm achieved the maximum overall electrical
efficiency that was 41.6% at the voltage = 0.7 V, temperature = 1073 K, separation
factor = 923 and ethanol recovery = 99%. It should be noted that the lowering pressure
at the membrane permeation side offered no good effect on the overall electrical
efficiency because the overall electrical efficiency reduced but more electrical power
required. Therefore, in term of energy, pervaperation might be an altemative process for

bioethanol purification.

6.2 Recommendations \
]

6.2.1 Besides the overall eﬂdiendy ‘of the SOFC system integrated with
pervaporation process mcreaoed with, the rm::reasing of the ethanol recovery but the
required area of the SOFC stack and the sepafhtron factor of membrane also increased.
Therefore, the economic evaluation sho_u!d be Wer investigated in order to ensure that
this system provides high performance with the g_qptable investment cost.

6.2.2 This research is assumed that the compecrhons of bioethanol contained

only ethanol and water m ‘order to simplify the calculations. Therefore further study is
recommended to mvestrgate the effect of the real compositions of bioethanol. Since the

membrane for pervaporation‘pracess is high sensitive with the compositions of the feed

solution.
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APPENDIX A

THERMODYMIC DATA OF COMPONENTS

Components I° +dT” +eT’ [J/mol]
" d (10% e
CH, 0.000 0.000
CcO -3.100 0.000
Co, -1.160 0.000
H,0 12100 0.000
H, 8300 | 0000
N, 4.000 -~ 0.000
0, -22.700 0.000
Cc -1.060 0.000
TABLE A2 Heat of forma . mponents at standard state (298
K, 1 atm)

N,
02
C,H, -235.31 283.00




APPENDIX B

DETERMINING GIBBS ENERGY AND EQULIBRIUM CONSTANT

(81)

| (83)
At sty
gmajg]gz}gqu‘?wmé’ ]

T
s) = s* + | ST’-JT (B6)
298
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B.2 Determining the equilibrium constant (K)

G, = RThK (87)

(88)
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