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A Study on the Optimization of PEMFC Methane Fuel

Reforming Method and Performance for Ship

Bang, Eun-Shin

Department of Marine Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

With the increase of fossil fuels used in industry all over the world,
the emission of air pollutants and global warming materials generated 1n
the process of burning fossil energy 1s continuously 1ncreasing.
Therefore, the regulation of environmental pollutants to protect the
environment 1s strengthened and policies on the introduction of
alternative energy are 1in place. As one of several methods, fuel cells
with hydrogen as an energy source have attracted attention. Fuel cells
that use hydrogen as a fuel 1s a zero—emission system that produces only
electricity, heat and water as a by-product, so no pollutants are emitted
at all. Despite these eco-friendly advantages, however, pure hydrogen
fuel 1s difficult due to problems such as the nature of hydrogen, which
1s difficult to exist naturally at room temperature, the construction of
infrastructure to supply hydrogen produced through artificial processes,
and the storage technology to store the produced hydrogen. It will take
some time to commercialize. Therefore, as a method of applying fuel cells

as a ship power source, we devised a 120kw class Polymer Electrolyte
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Membrane Fuel Cell(PEMFC) system that uses liquefied natural gas(LNG) as
hydrogen.

This paper uses a steam reforming method to produce hydrogen by
reforming methane(CHs), the main component of liquefied natural gas, into
steam that can be easily obtained from a ship. In order to supply the
reformed gas containing hydrogen to the PEMFC stack, the amount of carbon
monoxide needs to be lowered to 10ppm or less. Various gas clean—up
systems were selected by combining a water gas shift reactor(WGS), a
methanation reactor of carbon monoxide, and a preferential oxidation
reactor (PROX). The results of the selected methods were compared and
analyzed, and the goal was to develop an optimal methane fuel reforming
PEMFC system that satisfies the carbon monoxide concentration criteria
and minimizes the loss of hydrogen.

Matlab/Simulink and Thermolib were used to design and analyze the fuel
cell system. Hydrogen contained in the reformed gas was changed while
changing various conditions such as feed fuel, air pressure, reformer
outlet temperature, and steam per carbon(S/C). By analyzing the changes
in the carbon monoxide and carbon dioxide components, we proposed
conditions for the high methane reforming with low emissions of air
pollutants. In addition, various gas clean—up systems were selected to
remove carbon monoxide concentrations below the standard and simulated.
The optimization method for gas clean—up system for PEMFC was explored by
comparing the ratios of carbon monoxide, hydrogen and methane 1n

post-processed gases.

Simulation results show that the reformer has a constant reformer
outlet temperature and S/C, and as the pressure of the feed air and fuel
1s 1increased, the methane reforming rate and carbon monoxide and carbon
dioxide production including hydrogen are decreased. When fixed, the
higher the S/C, the higher the methane reforming rate, resulting in
higher hydrogen production. However, if the S/C is too high, heat is

consumed 1n the latent heat of vaporization of water, and the efficiency
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is lowered. On the contrary, if the S/C is too low, coking occurs, so it
is important to set an appropriate S/C. When the S/C and pressure were
set equally and the operating temperature was increased, the production
rate of hydrogen increased as the temperature increased, but the carbon
monoxide ratio increased and the hydrogen ratio decreased due to the
inhibition of the transition reaction above a certaln temperature.
Carbon monoxide levels increased as the reformer outlet temperature
increased, while carbon dioxide reversed. Therefore, in the scope of
this study, it was confirmed that S/C=3.0, feed fuel pressure of latm,
and reformer outlet temperature of 860K are the most suitable conditions

for reformer operation.

I[f only WGS or PROX 1s used alone in the gas clean—up system method, i1t
is not suitable for PEMFC because it exceeds the standard concentration
of carbon monoxide. In case of using Methanation Reactor alone, the
standard value of carbon monoxide was satisfied, but the amount of
hydrogen consumed 1in the reaction for carbon monoxide removal was
reduced by 2/3 times the amount of hydrogen at the outlet of Methanation
Reactor. Therefore, the amount of hydrogen consumed 1s not suitable for
use 1n the system. In case of simultaneous application of WGS and
Methanation Reactor and simultaneous application of WGS and PROX, the
outlet gas met the carbon monoxide concentration of PEMFC and the flow

rate of hydrogen was maintained above a certain value.

In terms of output power, WGS and Methanation Reactor were applied at
the same time, but the output was slightly higher. However, there was no
significant difference from WGS and PROX at the same time. If the
performance 1s different due to this change, the selectivity and
efficiency of the PROX may change, resulting in a different output. In
addition, when WGS and Methanation Reactor are applied at the same time,
there 1s a problem that methane, which 1s a greenhouse gas, 1s
additionally generated, so it 1s not suitable as a fuel cell system with
eco—friendliness. It was determined that it was the most suitable for the

application of WGS and PROX as a PEMFC system using methane as a fuel

- Xii =
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and, 1t was applied to this 120kW class PEMFC system.

Finally, 1n the scope of this study, when methane steam reformed gas is
supplied to the stack through a gas clean-up system applied with WGS and
PROX simultaneously, power of 121.3kW 1s generated at 216.6V with
current of 560A and current density of 0.35A/cm®. It confirmed that it
became.

KEY WORDS: Reforming System 7§2 A]2~®l; PEMFC 1¥2+ Asjd e A5x4,

Gas Clean-up System 7} &x]g] A]~®l; Methane w & Ship 414}
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Anode : Hy -~ 2H + 2e~ 2

Cathode : 2H " + %OQ + 2 - H,0 3
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1.3 94+ 49

H AFo| A= Matlab Simulink®} Thermolib[2]& o] &3l 120kWg A8+H&
gk 7} PEMFC A 2=H 2dg 7idstsit.

Fig. 1.2+ v& 7§d PEMFC A"l HA| FAEE e Jdoerm s
ol FAE AT

1. Gas Production Section
CMAZE B Mes £42 233 A AR HE

2. Gas Clean-up Section
A t2g FASS st ) Qaseas A7

3. Fuel Cell Section

A E FAaE ARE ol 8Tt AV A4

Wz 7~ AR A 7]Reformen o A+ Aeses, Ad54= 2 S/C(Steam
Per Carbon)& W42 ARSI, o] A& HASIHA F49 &2 =11 Y
AEtErAo] B8 Yo wge fAES & HA AL AASATH

M 7k T FolAs A 7h2 W dAsEAE AlAs] f% A8 o
2 FAV2HAEV)(WGS, Water Gas  Shift Reactor)e}  wgksl  wk-S-7)
(Methanation Reactor) 18]a1 A& & 4k3} =0 7](PROX, Preferential Oxidation
ReactonE& 3 oAl 71A1Y A& Hluwste o= Ao 4 #£8&°] =

SWAE YuBTras] Bgo] FeXE Hmdte] Ao 2L 2= Yok
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7b2e ZA oA AlEdolds Al 7HA 2F- ot & 2T
Case 1) WGS(Water Gas Shift) Reactor ©&= # &

Case 2) PROX Reactor &= # &

Case 3) Methanation Reactor ©@% 2% &

Case 4) WGS Reactor®} Methanation Reactor &A1 2 &

Case 5) WGS Reactore} PROX Reactor A A&

e FAYRY AW T Fohus] A5 o) oA b BSE AEUIA
& dolEE BASGon, 4 BE P YUSEE $8e vastel HF A
A% 23 =Ee

7bs AR ks FAEE O3 ARAX ZER o] Al 7hA] 79 HH

3l 215 T HA AN2=HY ¥ W PEMFC A 2~Ho 249 AF=E ]
Els

_‘]O_
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Pure Source: Methane

Pure Source: Methane

Electrical_power

Pure Source: H,O |—»

Gas Production Gas Clean-up Fuel Cell

Fig. 1.2 Methane Reforming PEMFC System
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A 2 A Hdu 588 A2y PEMFC Al2H

The dEFY #VseE whg ARV Fow 40 4ksk bkgo A
St H o2 R E7 AAHER ASHAANA F A5Z AMEHET o9}
Zo] 45 AdRE AHEsl= PEMFCE & A (Zero Emission) .2 X
&0 2]

FAHEDS WEsHA Ze F42E d5A 9 d5dez HAH ALEst= Aol
71 ol A oy Fae AedA AR o m EAET] ofFr]o Fart ET
H =HEREH AHA A S AH AR stk MASIA F4AE LD
T AT YEEE FAAE, vlojdRE T8 & Fo| At X AdEE He
I A, AgEsgE 2 HAVME Tl o Table 2.1~22+ 45 X33t
ASHAAA 2" Al GEHE A8 A4S YE o

Table 2.1 Some properties of hydrogen and other fuels considered for fuel

cell systems (1) [3]
Hydrogen | Methane | Ammonia | Methanol | Ethanol | Gasoline

Hy CHy4 NH;3; CH;OH | C.HsHO CgHis

Molecular weight 2.016 16.04 17.03 32.04 46.07 114.2
Freezing point

0] -259.2 -182.5 =77.7 -98.8 -114.1 -56.8
Boiling point

0] -252.77 -161.5 -334 64.7 78.3 125.7

Net enthalpy of
combustion at 241.8 802.5 316.3 638.5 1275.9 5512.0

25°C [KJ/mol]
* Gasoline is a blend of hydrocarbons and varies with producer, application, and

Season.

_12_
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Table 2.2 Some properties of hydrogen and other fuels considered for fuel
cell systems (2) [3]

Hydrogen | Methane | Ammonia | Methanol | Ethanol | Gasoline
H, CH4 NH; CH;OH | CyHsHO CgHis
Heat of
vaporisation 445.6 510 1371 1129 839.3 368.1
[KJ/kg]
Liquid density
] 77 425 674 786 789 702
[kg/m°]
Specific heat at
STP 28.8 34.1 36.4 76.6 112.4 188.9
[J/mol/k]
Flammability
L 4~77 4~16 15~28 6~36 4~19 1~6
limits in air [%]
Autoignition
temperature in 571 632 651 464 423 220
air [C]

* (Gasoline is a blend of hydrocarbons and varies with producer, application, and
season.
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How wEodr HE UfE U AL A S| N85}
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e} e gREe qUA FFUCEA AR7E AR Afe ZYEnt
o 24N} BE SRR TPl Ao exol wEtd YsE BAS
de + YES 25 o) wte BRI MESLE} B FelA LojQ o
B e HolA dojdl dAmol W ey U WYS BEae wE
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A 2 Y HAs e F7b AA HHL Ak dRAA FFE
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24€ olsfstelof ), 1o ME HAF ABHYYYS HYY Fast 9

.

qH EFEZE gE2ME(tar sand), L LA Y(oil shale), 712 F3}=(hydrate)
ol e BEMEE A3t 2km Zo] ofufdl] EAetE AR Wi Fol 1A =
= A FARE FEHE FAEY 52 9F AZE A A=ste Aol 4
A ST LMY ATt 23E AdE S HERolH, ol & FR/3 AFE

e T Aoy A FUHHQ s LS H/E I
BT FE otdet 2& 1%t AGH Y HF AT EASE Thastol =
ol ES dFA FPdolE(clathrate)= & A F 4 A7l o 3a4
ATz WHE ol we oe, T2, A4 Ak, olibs e A 5o ARA
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EdEde 72 F3tEole}t ot o7 A Lo A A &3t
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7:5_]__
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Adrkre Azke] gEd vgdA B4 He Aart A5 ta R
o] A% fAA AA Aot MERY FHF Aolo] ERE A fHe 4
oA BAHEY. WA 2AWE Aol A7t~ ol He A HE 3
o BE5s EREL TP vwo] 71 2 oHle
, Zawe] TP gtk o dE Az, ojtste
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< AUAFES 7H AT A FEdoez de=d ={t/hal
= 9= AMgSiH frlEe AR d4aE /\17]74‘% &M, Fa7F 7r23
(Hydrogasfication), 8714 ®& %o o3 Hlo]ort22 HIAAA AL 5 9
3 BEANA oSz HESIAY E355HF 7L E o] Fof w3 9F
Yol W3 Zo Fiaxgd 93 4 7F2(Syngas)ES Fischer-Tropsch
olsl YA ©3trim WHEstes A Sl Y + AT [8l = Hiole
RS EAG 2878 SAE b F Aenz vigd 287 3 HrE
o] &g HAAFoA TAst:= AR E HiolertaE s olE AR =
AR-&RT

\1

=
o

2

=

<]

Sob 2o HAA B W, e, dve S gsrsAde] dn

© AEAYAAHS Tl dEHAY A5 AEE F ATk

.|
i

Table 2.3 Typical compositions of natural gases from different geographic regions
[3]

Component | North Sea Qatar | Netherlands | Pakistan | Ekofisk | Indonesia
CH,4 94.86 76.6 81.4 93.48 85.5 84.88
CoHs 3.90 1259 2.9 0.24 8.36 7.54
CoHs - 2.38 0.4 0.24 2.85 1.60

i-C4Hjo 0.15 0.11 - 0.04 0.86 0.03
n-C4Hyp - 0.21 0.1 0.06 - 0.12
Cs+ - 0.02 - 0.41 0.22 1.82
N 0.79 0.24 14.2 4.02 0.43 4.0

S 4ppm 1.02 1ppm N/A 30ppm 2ppm

Values are % by volume unless otherwise stated
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FEUoks Aol $5ske lkgel 48 85Le) muotel AZT £ 9l
A EHE 7H BGEAE A B fastis Bol AR A
e FRAE gl ERe] WAl U AEAW FEI} Bold5E B
e A WL YoAn FES 4UEH 4T A4S 5F ANE oA
At Gk BSol F/1nT bEle] FEE A BE S5 RADE ¥
22 A% Al BHY A 9Pl WP Atk TF gEUoks Yz =
b folu Wi EA AGEHER, GRUctld FAE PHATE RS
2 Qo] 97 AW wE AdE BAZ BART o] B 5 BE ¥

BEY A GRUHE AN As) 7]

Al

Shshe golA we el o

A7) 98 GrUobE AA =
_"
b AANA A AR e W stol

NH, (1)~ NH,(g) (AH=+22.3k.J/mol) ()

Mgge Mggngoltns WA Hu, £448 CHOHE AR 3%
ol 74d Edolth. BEAZLS 3204, WH-89.8C, HISH 67.7CE Aol
A7) A= EAeH lkgel £42 1008 v HEY % ol LA ol
Eoh W olUe} Mwee Azkee Aol Ut (3]

ek =357 ME w3 ot 4 ()3 2o
CH,OH + H,0 - CO, +3H, (6)

MEge $37] AT A WEs lkgol o 0.188kge) vt wAHE
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A Agtet oy, HeSS A FAE A= W
S AH Ag=g AFE3sE= DMFC(Direct Methanol Fuel Cel)Z&
At DMFCE AH8E H§ 45 AAsIaL ol AAsie=
o)

g 4= 1oy, PEMFCel ®lsf dgs=olxe) Hhgo] =27] wjz ol
_[E_r

A AREErt gop 9o vt} %3, DMFCE F& F4ol2nddolt}
ddEet 22 AL dajdE A8k, DMFCo Fao]l2mehete] Hajd &
AHEE AR ol 2 WEEE dA Fete AR Ads AaATa A8
AR A oz Faoleude] opd A7 HadE AL 7
T AEEY oldsteas} e Hefjd e whgow AP SAdS A4
StAl Hol ¢zl A S AsAA FHE dEAZY (3]

i Eto 2 Wy A8E AMgshe A $olth

wehe R 16.040) WA -182.5C, WSH -161.5C o] FAFH | /1Ay 7]

A & A oo H
oo} Hyte] BolAds =o|7] SHdll A3 7= °olE &3] A3HA7FA(NG,
Liquefied Natural Gas)g} FEt} LNG= Z=AI7F29 Y52 Fo] Ag3E=E
oju] Qlzely} & FEEo] lon, LNG &HkXo] Ho] AxFHI &3 Fol=
2 7lsdd gk AEE oA =0

Hiupe] FYUOEA ARHAE AT A ATHOEL $48 F URE
AEF otk T 48 AW ASHAAE obF el BRF oY
BA7} ol glemz stEdolut UARE AT WAL AR2A A
/b & LNGE AH3te Zlol #2% 202 AEt tebd B A7
£ INGE 929 ABZ AU, INGS FARS v ia

rﬁ
ol
O
32
o

HES dE 2 Fo] AEF

— 19 —
Collection @ kmou



)

CH, + H,0 - CO+3H,

A

olo

e Hujz A

3

niel o] PEMFC %

Els

A 7

ol
v

)

—
0

oF

—_
fjle)

X
A

il

|

A A7E FAE AzHo

b2 &

S

= o]t}

{
o

_20_

Collection @ kmou



2.2 Wgr 7/|A A3 PEMFCe /M8 L AATA

B Ao x A2E PEMFCE A 2PEMFCo|W MEAS] 7}4< §457]
ZAE25E W0ColstE AAsTh E3 SulE AMSE = WaPHd o] d4tst
Aol FHofslo] dEdAto] AT & QloeB=E olF WA Y3 FEHE
7k U 44ksler 4o FEE 10ppmeo]stE Al oF 3o

meba olE 9% AlxElo] est B AT o8 7HA §ET]e 23
S 53 HA g A8 /MA A="S AAE s As HHo2 YT

2 =FdA AHEE WE d i dsjde AsAAAI e AA T4

& UA 73 Fig. 1.29F 2t
1. Gas Production Section
AV E B vEgs A4S 35S N E VA E WS

2. Gas Clean-up Section
A Nt FASE T ) Qaseas A7

3. Fuel Cell Section
 AAAE FAE AR ol &3l 7] A

AR 7h2s ARl A7 WY 57 MANSS F3 dRHAY o
59 waE ¥ A 7tAE AQEH, MY AeeE, &9 AEUY
2 S/C(Steam Per Carbom)o| we} 782 7129 xAvl= S8zt Ad 7k~
o= 4 olfdx ARHA 2° Yo Zu] ZEQ] Wgo IFES A=
Apstebavt Z23hE o QT %léﬁ‘r“/‘r = iAol FAEo ZujEA WF9
GAEE TAAN7IEE A8HAY FHd FFS v Hoh EPE‘VH = =
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F WA, hE Tt A e NE Ve W Ld4gteAE 10ppm ©)skE

= AL FFoZE 3t} olE Y A=A I|(WGES, Water Gas Shift
Reactor), W3 wHg7](Methanation Reactor) 12|31 AEAH 4ks 7]
(PROX, Preferential Oxidation Reacton& Z33t o8 %2 A4S vl sl

g 7% olBhE FAFL Faol £4¢ AaBse $uF 29
o

7F2s SA g F A AlEH IS OA 7HA] 22 ol e} 2ok
Case 1) WGS(Water Gas Shift) Reactor &= &

Case 2) PROX Reactor &% &
Case 3) Methanation Reactor &% &
Case 4) WGS Reactor$} Methanation Reactor 54| A&

Case 5) WGS Reactore} PROX Reactor A A&
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2.3 &3 PEMFCY A¥+A4
2.3.1 7/1&A7]
2.3.11 NA71¢ F/7 € &4

Hek 71 & PEMFC A2®lS A7 Halds mEgs A5HAe d8<d
4oz HE JjE Al H st

F&E AP A7 Az Mde] WAdE 571 JHEER, Steam
Reforming), #& 4F&}7]&A(POX, Partial Oxidation Reforming), A< 7§2(AR,

Autothermal Reforming), 7}2~3HGasification) 2 37| 4ASHAD, Anaerobic

digestion) 71& So] gon o] Qor E& HA7|B3sty F42E YRT S
At [2].

A HAAE £==7] 7§E(SR, Steam Reforming) WHe A-¢ FaWt$ozmA 11
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Table 2.4 Advantage and disadvantage of

methods [2]

major hydrogen production

Type

Advantage

Disadvantage

Steam
reforming

- Highest H, yield

- Requires careful thermal

management to provide heat
for reaction, especially for
(a) start-up and (b) dynamic
response

- Only work on certain fuels

Partial
oxidation

- Quick to start and respond

because reaction is exothermic

- Quick dynamic response

- Less careful thermal mana-
gement required

- Works on many fuels

- Low Hy Yield
- Highest pollutant emissions

(HCs, CO)

Autothermal
reforming

- Simplification of thermal
management by combining
exothermic and endothermic
reaction in same process

- Compact due to reduction in
heat exchangers
- Quick to start

- Low H» Yield
- Requires careful control

system design to balance
exothermic and endothermic
processes during load chan-
ges and start-up
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2.32 /N2 7t& FAE A2H

grah4=2(CHy, )631319] ARE AI)HEAA WL oR WHANA Fart TR
A FEE wEo] ARAA ARFoE FFaAH, of W FrFNN FF
H grashe) Abshikgo] Ae] WASES st o] A A AzHo]
9. geld ARAAE 9% Ad Axde gslsaFee] dRE 2eze
Mg A, Fh FRFS AN BA ALHE Ae BHOT I Asde

SO L
A=A FH wet ZEkzlth. PEMFCS} PAFCe 7%

A= A5 U ==l
RIste] 7)Eolde BwEe] EAE 4 SulselM A5dde] AT +
NoBg, oE WA A = Fa7t obd st A5E HE
dto] AHEE BeE VAEREE doE EEe A AT FUHAA #
o] dastth. PEMFCY PAFCS] A% 2257t W7 wiaol f571de] &
21 Hhd MCFCe} SOFCE &A&2=7F #of UiRslde] 7hssith. 18y
WEAE A d8F B9 &2 FHEF(Cocking o2 5ol AstsE Lo
F ez MC FCS’Jr SOFC <Al 7N o de] ofR7id @AE Edsteiof gt

(3.
B =EBoAE vg A& PEMFC A28 Agsson, ol 2e Heg
ARAA AA AzHel A Qasvrs) 2o Begd Aoksma oo m
3 JEA7 B bl Utk mEA oldd drdA A Azwe A

AR g ks 97 AR MEAAA S AA Esee ] AT F
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2.3.2.2 445g4L AA

= 34

3
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3}
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B Ao AE g
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(Selective methanation of CO)

EEER

3

SjE=1

)

[e)

2} (18)~(19)2] Hkg-o] FAld

T
) Y

&3} o 4]

(18)

CO+ 3H,~ CH,+ H,0 Ah(25¢c)= —206.1kJ/mol

(19)

CO, + 4H,~ CH,+ 2H,0 Ah(25c )= —165.2kJ/mol

b7 f1%t

S

A7

3}

o] Ak3}Selective oxidation of CO)o]t}.

o, 4 Q03 Zo] YEd 4 At
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(20)

Co + %02 - CO, Ah(25c )= —284kJ/mol
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233 A5x4 4 g 24
2331 A3 2d€9 &9

PEMFCS] %2& thg 4 (22)sh 2ol At

P=V.XIxn=V,X([ixXA)Xn (22)

o714, P, : Electric power [W]

. Cell voltage [V]

I : Current [A]

n @ The number of cell

i : Current density [A/cm?]

A Activated Area [cm?]

1>
(©)
»L
rlo
>
[»
oZ,
2
(e
fo
e
Sy
P>
o
>
ofo
o
o
-
ol
rlr
1>
o
Iy

HQA]'%‘%]: - ﬁ - m [mol/s] (23)

o 7|4, F : Faraday Constant, Electric charge per mole of electrons, 96485C

A9 BATFE 2.02x10 *kg/molo]BE o]o] W} F4iho AFEHFL ol
o] A& & Ut

LI
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2.02x10 *x P
AL gk — ¢
Hy Fe 2X V. XF @D

=1.05x10 % x

CH,+ H,0-~ CO + 3H, (25)

ol me} HAao WY FEH(Foy i, [MollsDS F3k7] 91 212 ofefjo} 2t
[9].

FHZ, reqd

FCH,i,min = 3 (26)

AZNA, Fep, min - Minimum feed rate required of methane [mol/s]

Fy .. : Required molar flow of hydrogen for specified fuel cell

stack output [mol/s]

x : Conversion of methane [-]
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120kWs¢] PEMFCE Al2=®Hl-s T8y, AFHQ] Ao =w A= 32070,

H2-e 0.16m%, AFF 560Azt FilPon Afgoezr FaHS 1

2.25g[soltt. ol & HI"t ME Tl F4E dojoF 7o 4

=1 Ede A wey desS 0.95=% ot 28 WE fFFS mol

A g S92 HASH] fsl ek EAER] 32.048 ot Alketd

Aratez LewE watd 20.04g/s7F HF 5 WY FdeE U2t WA
7 WEeEFS 20g/sE st o= 0.75mol/selth. EF AS5HA =" HQ

A
B9 ¥ ANSE He e 4 @D 2ok

£

ot o

28.97 10 * X P,
021 X4X V,XF

A =

[kg/s] 27

e

V,

c

=3.57%x10 " XIXn

=3.57x10 "X

ARFHDLE 560A, A/MF()E 32070]m2 F7|AEHFS 0.064kg/so) L o] =
230kg/he} 2o},
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2.3.32 A2 o]2AY

2] (28)& Az AR M3 2 HAHOCV, Open Circuit Voltage)s T3t= 2]o]
t}. [3]

__ Ay
p=- -4 (28)
o714, E : Open circuit voltage [V]
Ag, : Gibbs energy of formation per mole
_: goEE-JQ E'l%%é‘:-"/]g_f (29)
Ag=Ah—T+ AS (30)

o 7|4, Ag : Gibbs free energy change [kJ/mol]
h : Enthalpy Change [kJ/mol]
T : Temperature [K]

As : Entropy change [kJ/mol - K]

to] Z<=(Faraday constant)@ F = N - e= 96845CS UERAT =
F olFdle WAL & JU|FlEE F4E AMEsteE A5 A9

] A}
74§ z=20]1 o]& YlYstH 4 BDE AHH.

E=——2 (31)
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HNEAY AAELDY S4dEd mgt HGxouA Y W3zt s depxith
olgf o} Z& A (32)7F Ytk 71 s B A

jJ+ kK- mM (32)
J K 83 MY BREE FYA &tk 3 FHAEE & o

ol 7|4, p : Partial pressure or Pressure of the gas

P, : Standard pressure(0.1MPa)

Balmere] dosto] 2ol whet thg 4(33)3 2ol A=A

R R j‘ k
Agf = Agfo — RTIH[CLJ CLKJ (33)

| 7], Ag}y : Gibbs free energy change per mole at standard pressure

R : Gas constant, 8.314J/(mol - K)

ARAA N Aojuhs wg2le] HYHH ol

ol

- —0 aHz‘ 2
Agf = Agf — RTIn TO (34)
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Agyk& otel Table 2.5 Foizl gholmw 19 218 2 3Dl el
7 2ol FYFH 2 35)F WE2E WA 2 (Nernst Equation)e] 2} FEt [31].

1
—0 2
— A ag - ap,

E = i + RTln[ i 0} (35)

Table 2.5 Ag,, maximum EMF (or reversible open circuit voltage), and
efficiency limit (HHV basis) for hydrogen fuel cells [3]

From of water Temp — Efficiency
T (] Ag;[kJ/mol] | Max EMF [V] limit [%]
Liquid 25 -237.2 1.23 83
Liquid 80 -228.2 1.18 80

Gas 100 OB, 1.17 79
Gas 200 -220.4 1.14 77
Gas 400 -210.3 1.09 74
Gas 600 -199.6 1.04 70
Gas 800 -188.6 0.98 66
Gas 1000 27 0.92 62
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ZLe WA AVNUAE A2 ARl MEHFL i o2 Av
a7 Bee 4 (367 2.

1mol®] A g oA B == A7)0 (36)
—Ah_f

Al e ELF Hy+ L0~ B0 WEA0IT BARE Far) dadtd

Z717F AAE A5 -241.83kJ/molle. 2 A Q¥+ =H(HHV, high heating value),
HEs-9] A3z FAR] Eo] AAFEE AT -285.84kJ/molle2 g
(LHV, lower heating value)®] #< zte=th ol & & &9 S egyof w
gt GYAEE &5 UEUEE Afole 9o AEEEF T o= £
Z g§of g gRELS 22 588 9 AYLIHFE A&IH.

A7 A = A AR o el 2
ot wEkd HOEee 4 3D 2ol & F Ut

o Ag;

A g8 =—=L x 100 [%] 37
Ahf

F2 ABHAAZRE UE BE ouUAs #Ar]uAE HIHETH 7HdE

L 2] (38)3 Zoh

E=——2 (38)

1.48V [ =HHV) 7]<F]

1.25V [A ¢ ZFHLHV) 7]1+]
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J 100% E& e AFOIRE A ARAA A HHV/IE) A9
ag2e 4 (9 gk

c

1.48

x 100 [%] (39)

AA ARRAY A%, FFE A5 A AEHA Lrlel 24 Qe 2 40
B(u)e -

e Aol 4 (4De] dEHA mE(peo] o

My = A — (40)

n = py X = X100 [%] (41)

BE AR o] §B()S 0957} AEHEE o8 HEHE ASAA Hae

(42)3} Zo] Bgd = A

c

1.48

n = 0.95 X = 100 [%] (42)
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2.3.3.3 Ao &HA%

A dEHA e S8 A4 o7 7HA E4A=E J vE2E AN E &
95 ol2d Agnt guiHol Aol 4 UDe £UAYL AN A=
A4 €< e

Vfc = Enerst A Vact A Vohm —A Vconc_ A Vetc (43)

o714, V;, : Fuel cell output power [V]

E,... : Nernst voltage [V]

AV, : Activation overvoltage [V]
AV, : Ohmic overvoltage [V]
AV,..  Concentration overvoltage [V]
AV, : Etc overvoltage [V]

D g o BAGe WEXE WAN wet 4 4 o] T F

1
—0 2
— A ag, - ag,
o — RTln[ . 0} (44)
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SRR

2 et ol Agse] exe wal HUsW ofd 4 (U5 Lt
[3110711]

+ latm, 25C2t+= FF ZHA HEEF 1.229Ve 7|+ A<t

—0 0
Va = 1.229+ (T, TO)( Va (45)
B 298.15- AS! (AS(?)T
= 1.229 o7 + =5 |

B = 1.229—0.85% 10 (T. —208.15)+ 4.3085 % 10~ ° T |1n (e )4 L1 (%)
) ) s " ) 2 1.01325 2 1.01325
(46)
o}71A, T, : Stack temperature [K]
py, + Hydrogen partial pressure [Pa]
po, : Oxygen partial pressure [Pa]
(pinlet,anode X sz, inlet ) + (poutlet,anode X sz,outlet)
Py = 47)
> 2
(pmlet.cathode x yO. Jinlet ) + (poutlet.cathode x yO. ,outlet )
po. = ) > : 2 (48)

2 2

o714, y : Molar fraction [mol/mol]
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Aol Am} 74 B LAED 5o e A5 olel £UHLS @ol W

2, o2 3§ A

N

ey
ol
of
L
N
-~
e
2
=
o

s EAHYL A9 FHAA HEgo] =A dojynz Ay [dAE
Al
=

o] dojdt} [12].

o+ [311101111.

A Vact = Ah’l(zi) (49)
0

4= (50)

Vact :v0+va(1_ei 101‘) (51)

o _ .y _ -5 Pea = Psat l 0.1173 (pca _psat)
vy = 0.279 = 8.5 10" (T, —298.15) +4.308 X 10" ° T |In (= ~roo =) + o In(——— oo
52)
v = (— 161810 5T +1.618 X 10- )t p Y4 (1.8 10" 1T — 0.166)(—Zt p_ )
a ' s T 0.1173 @ Psat ' s 0.1173 ' Psat

+(—5.8x10"*T, +0.5736)
(53)
o] 71 A, i, : Exchange current density [A/cm?]

a : Charge transfer coefficient
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Q
rr
re
n
[y
o
oM,
o
2
n
o
o,
a
g2
L
27
oft
o
v
o
!
o
L
)
k]

752 0.1<a<0.59] 32 713t

A7|15kskRbgol =¥ B¢ A Ax AR AL Hhgo] WA A g @kel 7
At} = DAL 0zerool A Z7ek7] ARets He AEARo|h

ge] AL > 0 Aol AT Ay

£ wAs AF ALl

AGELL A= AZIARH Asjde ol TF e Ay wol TSt
e 7 AFEAe AadolA AR

oo #HHE HtAstel gk A& ths 4 GH# 2o 31101111

A Vohm =T (54)

o] 714, i : Current density [A/cm?]

r © Specific surface area resistance [ - cm?]

HIRA A r2 o592 G5)~60)e= 7& + Ut

tm
p—m (55)
o, = (0.005139\, — 0.00326)exp|350 L1 (56)
m m 303 Ts
\ o [0:043+17-8a, — 39.85a2 +36.0a%,0<a, s 1 57)
™ |14+1.4(a, — 1) 1<a, < 3
pv,anode pv,cathode )
psa sanoae psa . Ca oae
0, = t,anod 5 t,cathod (58)

— 45 —
Collection @ kmou



(pmlet,anode X szO,inlet ) + (poutlet,anode X szO,outlet )

Py, anode = 2 (59)

. (ph'nlet,cathode X szO,mlet ) + (poutlet,cathode X szO,outlet )
Py, cathode — 9 (60)

3714, ¢, : Thickness of the membrane [cm]
o, : Membrane conductivity [1/ - cm]
),, : Function of membrane water content [-]
a, : Activity of gas [-]

p, - Water partial pressure [Pa]

AgEA S Fang7] daE e ANAEET B A3 A8,

Eo] qteo] st
FaEolA we <t
ZAbsketE o 4 (6D

i

m
~
}_A
S
| S—
~
}_A
}_A
| S—

. \2
Vcon = Z.(Cl 22—2) (61)

—4 Po -3
(7.16 10" *T, — 0.622) (== + po ) T (— 1.45X 10 ° T, +1.68)
‘ 0. 1173 ‘
Do,

<
) for(0 1173+pm) 2atm
1

(8.66 <10 °T, —0.068)(

Po,

for(0 1173+pm)> 2atm

% )+ (=1.6x10 *T. +0.54)
01173 " Psat ' s
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2.3.34 29 IV-Curve A=

B Q7oA AlgsE PEMFC 8o AZ< 9a) Agdold Az e

=
IV-Curvest Alg# ol a3 FARRE 230 28le AHER Ad 4ol [V-Curve 3t

9 GAA S st HhH o2 2" AFEE FQlstYTH

A= AEHAA 2" F7|7} ofd 4AAE FFsAeEE ASS 9
A AAGT FLEA HAE FFI A AlEOlA AL AFHE v s
Foh E3H B AFoA ALEEE 2gos= AU ofd FUIE FFESF e
Z AAE o] 83 AY At AEH oA A FUist F3U1E Y A

-2 AlEdeld 23= A YERRIAH.

A FAAe) ASE
Axgpel Ael fAre
ARG Aol EYol ee & & YUtk oF

ol =g Al

B\
1o
<
O
()
2
(@)
il
kv
o
£ ¢
b | B
2 K

E
o,
o
!
o|N
ol
3R
LT,

Table 2.6 Stack operating condition

Parameters Value

Number of cells 320
Active area 1600 [cm?]
Membrane thickness 0.03 [cm]

Anode inlet pressure

253312 [Pa]

Cathode inlet pressure

253312 [Pa]

Operating temperature 353 [K]
Stoichiometric ratio of fuel 1.2
Stoichiometric ratio of oxidant 2

Anode inlet gas humidity 100 [%]

Cathode inlet gas humidity 100 [%]

— 48 —
Collection @ kmou




095 .
I "-.\
§* o .
L ['.9 i "\
B\
S 085 [ .
e [ S
> i i
E 0.8 O %~ .__‘ 3
o '
@ L - --_h_‘
=p 0.75 e Experiment(V) S
: : Q"‘-I
A s [ ---02 Simulation(V)
"L Air_Simulation(V)
0_65 L 1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 i 1
0 0.1 0.2 0.3

Current density(A/cm?)

Fig. 2.1 Comparing simulation values with stacks IV-Curve
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2.3.4 MBOP(Machinery Balance of Plant) T4

2341 F=

Fre AUS avstd $U% AAS FolW BuAHos ALY Bx
o gEoz eAYE GBS B

S SFol BAH Froln FHQF FFHead= oist ol 4
(62)~(64) = AHolHATY
Q= f(Head) (62)

m

_m (63)
=7
Head = A2p (64)

144

o714, m : Total mass flow [g/s]
p : Density [g/m®]
Ap : Pressure loss [Pa]

g : Gravitational acceleration, 9.8m/s?
Hirs dost Al JA e we} ofgfo] 4 (659 o] yEhd & AoH,

’I"fl(hm + %Ugn) = ,r'n(hout + %U(th ) + W (65)

o 7)1 A, m : Total mass flow [g/s]
h : Specific enthalpy [J/kg]
v : Velocity [m/s]

W : Power [W]
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(66)

(pout — DPin )

,r'n(hout - hin)

. Pressure [Pa]

A71A, p

@ & ok

3

A

A A

67l o3

]

<
ol

—

Q

(67)

np

. Efficiency [-]

A71A, g

H

(68)

_ mAp
o

Pmch

(69)

= Hm+ Pmch

Hout

)

AT AL
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uls) L (70)

AlEE oA o] &EE HEZ EF°lA u

AA Aol Az, 283 = 54 AES YRy [12].

Cooling_Water] [Cooling_Water]
state out

Max_Flow_Rate] ~> ! Ctrl @b P_mch [Mch_Power]
outlet press. in
[Target_Press] >—| L><[Ca|culated_Flow_lnput]

Pump

Fig. 2.2 Pump Model

_52_

Collection @ kmou



2.3.4.2 947

Aa7le A0 AAN)7F 23 3715 A5(CHYSF S9tste] A4A A
o2 d& Fgdte AA ot AiT]oA doju= et v 4 (7D
2.

CH,+20,~ 2H,0+ CO, (7D

B AzgdA AMgEE davle FEEE Atk A6 &RFHE s
HlEgs L12 dAstson, dirlel IdsHs 37]eh A8 &e Pl-AloY]

2 49 AHoZ Fig 3.28 FXIEE 3o

<z [Exhaust_Gas]
out
[Incoming_Fuel] > piin air_in 45/[Required_Air_Flow]

Lambda Bumer [Heat_loss]

Fig. 2.3 Burner Model
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2.3.4.3 &7

e AR BE REF 7K A4 Y dAEE A AAE 9%
. B ?i%loﬂfﬂ% A4S 98l NTUNumber of transfer unit, A2 & 4)E
o] gste] F FAARoloA Thed HUo dHES A o= WERE
(Counter flow), ©&d T=& 7}A g}
2 AT AHEEHE dugtr]Y FEA 2 of 2 (723 2o

- Y (72)
Qm ax

o714, Q : Heat Flow [W]
ks A5 A (739 2ol 734 = FY3rh

_[1—exp(=NTU(1+ O))
€= e (73)

o 7]1A, ¢ : Heat capacity ratio [-]

NTU = A (74)

o714, UA : Coefficient of overall heat transfer rate [W-K]
C : Heat capacity rate [W/K]
Cm in

= -
Cmax

(75)

o] 7] A, C’mm m1n(m1 1,m26p2)

C.x = max (mlcpl , mQCPQ )
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9)o] 26 A

Qmax = m1n (Th - Tc) (76)

o 7] A, T : Temperature [K]

FRE@A) R FEHL 2 (77),(78)3 2o},

Qen'L = Ken'LAen'L (TTZW_ Tenv) (77)
Ql,env (fl0w1~ env) Ken'LAenz (T A Ten’v) (78)

o] 714, K : Heat transfer coefficient [W/K]

ol

T\% T,,7re &% Aol ofsis 2T = Yt €4 2k 98 25

me duy Wslwe] A% AL Tg 4 (799 2T

) (79)

Ql,env = Sign(Q/env) X 1’1’111’1(| Q/l,env ’ |H1 (Tl)_Hl (Tenv)

out1
[Input_Flow_1] in1

[Input_Flow_2] in2 Qdot

Heat Exchanger

Fig. 2.4 Heat Exchanger Model
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2.3.44 =71

FE71E FUHE FA FES FANA ETEELS FHAAAL /AE
Agsts de B

e ZTERY = AZV|E AMESIHOH o] A d=Ed A
He ZYEZYE #A (p=constant)E AR&ste] S QA FEHet I
Sk 1A 2498 2] 80 o] AA I}
p o nevzem) (80)
1—n

T n-1

P n
A _ P 81)
Ty (p1) (

A7 P AY 78 T &7 AE, p= 4H, v= ¥AHS gudn.

Fare A AF G239 Ao} kel Fol o BHH Ao} gl 1

d o Hojel A 4Fwe AN A WA AP fe wAHG,

) max X ctrl (82)

EAQ AL A FFe XA #Ad Qo 2 (8 Zo] A HAFE X
14 42 BoE Aead
yls) 1 83)

AlEF Ol ol &HE dAF7 EFAM us AF wFel td A A=,y
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[Outgoing_Flow]

[Incoming_Flow]
y out
n [Mch_Power]
P_mch ’
Max_Flow_Rate] ctrd
Qdot
[Enviroment]

outlet press. mdot
[Target_Press]
Compressor ass Flow_Rate]

Fig. 2.5 Compressor Model
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2.3.4.5 PI-A| 7]

= A7l AR PlACYIE SARWI AADe] 2ol el 2xHe)=
J

Ae) e Aol BElolSKn) gl Meste WA eAMer-yE Aot
W AR Aol ARAINO e FAe FAE PRE gl 02
Aelstel A5E FADY. Kok Tne 2% 2gegels Auge 1, Axp

< 0ot

[Target_Value]
r

¥
enable
[Inform ation] ~q—info 1—@

u-disabled |-

Pl-Controller [Output_Disabled]
(anti windup)

Fig. 2.6 PI-Controller Model
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B3E A BESY] 9 SEE ASHATL B A2 ARHA
B745E QY FEEH AT SEE At

AEEIAE Sl WA @uslAl Bdo]l B 0.0MPacl HHe AR
Aguan onee JAH 4 nee gon MY, AUHE RS Ut
L 2 hgol YRSt AT,

Feed Water Tank

out

[Outgoing_Flow]

state

overflow

Fig. 2. Tank Model
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Al 3 A vwe /)@ PEMFC Al 28] 25 22X

3.1 71&7 #4

MAR-SH Holphg2 251} g e 2o J&Fs wol ME 7pxg
BEgo] stz B AFfoas M7 = F5ds 2 3719 &
g 183 S/C(Steam per Carbon)E WIIAIA FHA Y =& e s HXEE
4=

AEH A A 57 i o7 et = 3
RG] BAQ st F@4e] Axtol AR AHE =Esion, wehA
al

A
w mdeol AAde Ao [13]

2 83 FAFRW} P2olUAG)] BAES e 38t B &2 o]

K=exp(— ——) (84)

P 2 . P’ll
K - H, co (85)
Poo Pho
P, P
K o= % (86)
Pco- Ppo
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o] oA pE % A HEO BHe omEd.

2 =FoA gF= ves 2 (85,8600 tiygste] wgre] /fARk-g- oyt
< A< A Ades v A @D~92)3% 2o
D 7HAg-E
AG,
K, =exp(— AT ) (87)
P Poo (83)
K - - @@
" Peo,r Prpo
AG,=Geot 3GH2 - GCH,1 — Gu,o (89)
2) ZolRkg
Py - Peo,
K =—2 (90)
* Peo Pypo
Py, Peo,
K =—5—F— (91)
* Poo- Ppypo
AG, = Gco2 + GH2 — Goo— Gr,o (92)
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CH,+H,0 « CO+3H,
H,0+CO « CO,+H,

Steam(Pure H,0)

* C : Compressor

Fig. 3.1 Schematic of methane reforming system

Fig. 3.12 £ dFolA AAg MA A" ANE=E Yehy Fig 3.2
o] & Matlab SimulinkE ©]-&3ste] 7Hd Axgloz FAI EFo|t

Fig. 3.3~3.5& ®&H0.75mol/s, 293K)3 Z71(593K)¢] HI&(S/O)= 3028 11
A el MEA7Y EF &EE

H AlEYolAsta, 35 A5 73719 4Ee $YsA latmF-El Satm7HA|

Rt b [€]
S AL AdE A7 EREY EE€E YEkd ¥zt Fg
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w2 @ ~E=T1
) ol
mw"‘@‘ hi—  —
21 33%% Pas | azm Compressar
]
Methane gas Reformer Ly}
oo hane_io_reformaer . - Flaw Disglay
T i ey =H]k
?h_tﬂﬂl-- e —
o T _ @u < i T ]
3- CHAe-Ridorsed
bl i
Steam
@
Seam_to.reformer
i RO
‘{EWBH l'
!i ﬂ'mz ] FL
Pl-Controller
= B LLEL]
e §
T H
—} —
- e fe—HT)

Fig. 3.2 The model of reforming system by using Matlab Simulink
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Table 3.1 Variables of Fig. 3.3, 3.4, 3.5

Pressure [atm] 1 2 3 4 5
Outlet

Temperature [K]

800 850 900 950 1000
SIC=3.00.2 YA

5 0.7
45E e — —— —— i T o
o — -— N .
b .- T PP _
— 4 — T s . LL LA i
et s S L . "
-E: s ssanssdaunanninganE i :
= 4 05 ©
= 3.5 ] =
| S— - | S—
=) 3 R —ﬁ.a P = - = ,1 g
— -_— ‘ — ii'i:u: : _,_:-_:‘:-‘-?f 0.4 ok
m e . ) ’_,'_-"‘:i . ot i LT-l
p— = e ET et 4
g 2.5 e - f‘ ——— T i &
sl b, T Lo, O P i
2 ................ peiTranefpsnent ™ TR (0.3 %
& 2 —— | o s
- - 4 I
T - ] o
4&.{ 15 [ - 1 0.2 @]
— i gl ] 1 9 Oﬂ
: ._' e U
© 1t i
E et - {1 01
US N :
D C I i i L 1 i L i L i I i i i i i I i I ] 0
800 850 900 950 1000
Outlet Temperature [K]
Outlet Molar Flow 1am —— Outlet Modar Flow 22m = — Qutiet Moiar Flow 3am m— « Cutlet Molar Flow 4atm
wewws s Outiet Molar Flow 5m —@— (0 Molar Flow latm =& C02 Molar Fliow latm o P OO Molar Flow 2atm
C0O2 Molar Flow 2atm = =C0 Molkar Flow 3atm = 4 CO2 Molar Flow 3atm CO Molar Flow 4atm
CO2 Molar Fiow 4atm == s« CO Molar Flow Satm ssufy=s CO2 Molar Flow 5atm

Fig. 3.3 The graph of molar flow for reformer according to change of outlet

side temperature and supply fuel pressure value (1)
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£ S
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——— e S e
0_5 ...... -t ane 0.2
D 1 1 1 I i 1 1 1 I i 1 1 1 1 0
900 950 1000
Outlet Temperature [K]

Qutlet Molar Flow 1am —— H2 Molar Flow 1atm — e Qutlet Molar Flow 22tm — g H2 ol Flow 2atm

=== = Qutlet Molar Flow 3am # H2 Mola Flow 3atm m— « Qutiet Molar Flow 4am =g+ H2 Mola Flow 4atm

e swmaa Outlet Molar Flow Sam == o=« H2 Molar Flow 5atm —=— C0 Mokr Flow latm = B=— (0O Molar Flow 2atm

- g =C0 Molar Fiow 3atm CO Mokar Flow 4atm = s« CO Mokar Fliow S5atm

Fig. 3.4 The graph of molar flow for reformer according to change of outlet

side temperature and supply fuel pressure value (2)
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Table 3.2 Variables of Fig. 3.6, 3.7

Pressure [atm] 1 2

3 4

5

SIC 2.0 2.5

4.0

3.0 | 35
sy

MNE7] 275+ 100K 44
* p— et =
‘ Outlet Molar Flow e
ﬂ."--"'-f. Z8
ol i g
-li:_f'__'_ —
-

[

| CO Molar Flow

Outlet, H, Molar Flow [mol/s]

R

CO, Molar Flow |

e
.....................

T T e e sl

=1

= Qutlet Molar Flow 1a&m —e—H2 Mola Flow 1atm
—g— Outlet Molar Flow 3am ——— H2 Molar Flow 3atm

Outiet Molar Flow S&tm = - ==H2 Molar Flow Satm
- Qutiet Molar Flow 23m == ge== H2 Molar Flow 23tm
H2 Molar Flow 4atm

= Outlet Molar Flow S5am s =

CO2 Mofer Flow 1atm O Moler Flow 2atm
CO Mol Fiow 3atm CO Molar Flow 4atm
= =g ==-C02 Mokar Fiow 5atm == C0 Molar Fiow latm

== (02 Molar Flow 2atm ==m CO2 Molar Flow 3atm

CO2 Mokr Flow 4atm ssaliss

—g— {02 Mokr Fiow 1atm
—

CO Molar Flow 5atm = e gies

Outiet Molar Flow 28m == H2 Molar Flow 2atm

-+ = Outlet Modar Flow 4am

Outlet Molar Flow 33m == e

= H2 Mola Flow S5atm B

02 Moker Flow 2atm

CO2 Molkr Flow 4atm

CO Molar Flow 3atm

C0O2 Mofer Flow 5atm

Outiet Modar Flow 1&Em —s—

-

H2 Molar Flow 4atm
H2 Molar Fiow latm
H2 Molar Flow 3atm

CO Molar Flow 1atm

- €02 Molar Flow 3atm

CO Malar Flow Satm
CO Molar Fliow 2atm

CO Molar Flow 4atm

112

[=]

CO. CO, Molar Flow [mol/s]

Fig. 3.6 The graph of molar flow for reformer according to change of S/C

and supply fuel pressure value
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Fig. 3.7 The graph of molar flow for reformer according to change of S/C
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Fig. 3.8 0.75mol/s, 273K, latm®] =<3 w&ks 2.25mol/s, 523K, latme] <
5719} SIC=3.00.2 &3t MAVIE FHANII= A5 NEF=E YERH,
71 A= Table 3.33% 2t}

S§/C = 3.0, OPERATING TEMPERATURE = 860K
/—‘\KY A

air inlet

(0.75mol/s, 273K, 1atm)

o BN
CH, 860K % W

‘ Reforme

[ ] K, =
n CH,+H,0 < CO+3H, \

H,0+CO < CO,+H,
Steam(Pure H,0) —
(2.25mol/s, 523K, 1atm)

* C : Compressor

Fig. 3.8 Schematic of methane reforming system for PEMFC (Basic)

Table 3.3 Result Data for reformer outlet side

Outlet Molar flow [mol/s] Molar Fraction
Temp. Used
K] Outlet H, Methane CO H, Methane H>0O CO CO,

860.30 4.48 2.62416 | 0.73959 | 0.33418 | 0.58612 | 0.00188 | 0.24681 | 0.07464 | 0.09055

Fig. 3.8 22 W& 712 /\lé‘%‘% PEMFC& 2 2 AL83}7] Y3llAE d4ks
ga0l Fx7F 10ppmo]stE T=sfoF gt 12y Table 3.33 o] L4k3s}
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3.2.1 Water Gas Shift Reactor &% &

Fig.3.9= 72 712 FA 7|2 WGSHHE A 83 AlxHle JfgzolH, o]l&
Case 1°¢]2} A|# g}, Fig. 3.102 Fig. 3.9¢] A|2®lS Matlab Simulink® 743
& mZo|t)
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LTSE ol 3o %o SxolA $49 $582 ¥oln HISE o3 e
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of gttt BE LTSS A% Fe/t 23e SvE Agste gFes
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egteol Zo] Alzd"le FASt] WGSe =7 9 =5¢ wE 23E yed
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Table 3.4 Result Data for WGS Reactor outlet side

v
i
| cw. outlet «+— -~
i

-

Outlet .
T:m; Molar flow [mol/s] Molar Fraction
(K] Outlet Ho Methane CO H, Methane H,O CO CO;,
440.11 4.48 2.95473 | 0.00841 | 0.00548 | 0.65954 | 0.00188 | 0.17339 | 0.00122 | 0.16397
460.04 4.48 2.95148 | 0.00841 | 0.00873 | 0.65882 | 0.00188 | 0.17412 | 0.00195 | 0.16324
480.16 4.48 2.94686 | 0.00841 | 0.01335 | 0.65778 | 0.00188 | 0.17515 | 0.00298 | 0.16221
499.91 4.48 2.94075 | 0.00841 | 0.01945 | 0.65642 | 0.00188 | 0.17651 | 0.00434 | 0.16085
519.95 4.48 2.93276 | 0.00841 | 0.02745 | 0.65464 | 0.00188 | 0.17830 | 0.00613 | 0.15906
530.16 4.48 2.92794 | 0.00841 | 0.03227 | 0.65356 | 0.00188 | 0.17937 | 0.00720 | 0.15799
Humid air i i
outlet o ::'Ii;'id air 1
353K 1
353K |
Ec.w, outlet «+—

1

v
cw. outlet

i
'
: ‘ l H204CO <-> CO2+4H2 | | ‘
E cw. inlet —»| i oukioh E cw. inlet — .
! '
0 H
| I
! - H

air inlet

cw. inlet 0

1

! Steam(Pure H,0)
to reformer

CH4+H20 <-> CO+3H2
H20+CO <-> CO2+H2

Fig. 3.9 Schematic of methane reforming system for PEMFC (Case 1)
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Fig. 3.10 The model of gas clean-up system by using Matlab Simulink (Case 1)
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3.2.2 PROX(Preferential Oxidation) reactor ©= 2 &

T HxE A Asl Zuj(Selective Oxidation)E E3) GAH3IEEAE A A s
|2 PROXE A &3 74%olt}t. Fig. 3.132 712 A48 A|2HOS

PROXE A &3t Al2="He /Mg =E YEhH, Fig. 3.14+= ©|& Matlab Simulink

o] g3t A ANxglog FA4% EFo|th

PROXE F7]1 59 449t ditstgtas WEAlA ol4iksiet

AstgAe] F2E S99 4 Utk I8y PROXAA = Y4tst

o

o o
s 1__-5_7

L

il

i‘&
2111
2
N
[>
<

= BESE ol FAd Ak AT ATt Absekee 9t 37 5
o2 F7] TY ALIF b Y Hel| x3EH AAAFR] 4 FEES Yo|E
=h=g

PROXO A= ofzf 2] (93),094)¢] F 7}A| 3}euk-g-o] dojdrt.

CO+ %OQH CO, Ah(25c)= —284kJ/mol (93)
Hﬁéow H,0 Ah(25¢c )= —286kJ/mol (94)
¢ Wkg-& AE=(Selectivity)®} & & (Efficiency)o] FeFg wred Adzs o
e A AAE s 2o AA A4 ARFY AR FS, 5 o
AbstebaT) 4bstE o] HStE = AR YFe HXTh

Ir

o]l AN FaE AstEEd 1 ARE T 4 95 mel AR

77(1 _ S) (95)
ol 71 A, §: Selectivity

n : Efficiency
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Zu} PROXS Aol wet 82 4 i 250 gas
o A= Look-up Tables ©]&3dle %o we} Ag=
sl wrgdstH oM #H 3= Table. 3.5~3.73 2t}

p 250 W && #H o= Qg dAitsietA ERE

257t Fold & PROXS &&o] EolA7] W&

e
5 >
re
>
[

Table 3.5 Efficiency

After

Inlet Temp. After PROX
Value Reformer _

(K] _ CO Fraction

CO Fraction

323 0 0.063159
393 il 0.057105
403 0.5 0.054042
413 0.5 0.074642219 (635551
423 0.9 0.006519
433 0.95 0.003263

Table 3.6 Selectivity

After After After After After
Inlet After PROX
Value Reformer PROX Reformer PROX Reformer )
Temp. [K] ) . . i , CO Fraction
H, Fraction | H, Fraction | O, Fraction | O, Fraction | CO Fraction

323 0.9 0.511425 0.0019884 0.0032591

393 0.8 0.511114 0.0017801 0.0032598

403 0.75 0.510959 0.0016759 0.0032601

413 0.6 0.5861222 0.510492 0.0321567 0.0013631 0.0746422 0.0032611

423 0.45 0.510025 0.0010501 0.0032622

433 0.4 0.509870 0.0009457 0.0032625
* Efficiency value=0.95
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Table 3.7 PROXS| YTF2=sh Wehd ), 4 ( %
@A WHHNEAE HolFH F20 BTRES MUEd Tgd o 2
th. PROXS] JF-257h EobA5E Hase e ZolAx HdY e &

=

Table 3.7 Fraction of hydrogen according to 7 (1-S)

. . After After
Inlet Temp. | Selectivity | Efficiency

Reformer PROX
(K] Value Value _ _

H, Fraction | Hy, Fraction
323 0.9 0 0.49638
393 0.8 0.1 0.49707
403 0.75 0.5 0.497182
413 0.6 0.5 0.586122238 0.499353
423 0.45 0.9 0.508082
433 0.4 0.95 0.50987

Table 3.8= Table 3.73% Z& AdEl=el & FE 2483 PROX 47 ==
e ST 5 7t 7 2 BE9 AL Aiolnt.

Fig. 3.15, 3.16& Table 3.79] ©lo]ElS Te== Uelon Fig 3.15= 2
o E UEetd A5, Fig 3162 82 Ued A34E HAFT

E&9] ghol wet PROXE F343 dtsieb o] S EE&0] 92A T
L5V} EolASFE FEo] AT 433K o) FE I ZE e vt
AA Ak o)A &S 7HX PROXE 71t E&S 99.9%2 s U4t
sehao] &2 00027074 Doj=d 4 gl out 10ppme WHEAI71A] ZITh
=3k PROXE AMg3te A9, aste 4yt 2hssE e 6 F471 448k =
HEgo] EAl Doyl o] ASAI7I] A’ IV FUME SEHER S
a0 FEE2 WGSHHe @502 AE-she Caselol Wlalsty ¥ #nh. d4ts}
B0 BEEL YTLE 350KHE 390K7AA sbwtEA asht 0000018 &
seloe A 78 PROXTO R FA2F slas PEMFCEo 2 Rx§eg
.

B A4 A AHERE PROXE S22 AR &89 MEEE 7|Eo2 &
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dT2=4 AA deel wEt Z&3 A9 =E7F st o] whet o

Pmsh $a 48 JEo} 2ed 5 ok

Table 3.8 Result Data for PROX Reactor outlet side

Inlet Molar flow [mol/s] Molar Fraction
Temp.

K] Outlet H, Methane CO H, Methane H>0O CO CO,
349.94 6.08 2.61244 | 0.00841 | 0.30017 | 0.42994 | 0.00138 | 0.18417 | 0.04940 | 0.07239
359.97 6.07 2.60116 | 0.00841 | 0.28240 | 0.42911 | 0.00139 | 0.18648 | 0.04659 | 0.07550
370.04 5.97 2.52427 | 0.00841 | 0.16867 | 0.42308 | 0.00141 | 0.20234 | 0.02827 | 0.09577
380.00 5.86 2.44148 | 0.00841 | 0.04015 | 0.41658 | 0.00143 | 0.22012 | 0.00685 | 0.11942
390.15 5.89 2.42035 | 0.00841 | 0.01789 | 0.41451 | 0.00144 | 0.22455 | 0.00306 | 0.12368
400.31 5.84 2.41905 | 0.00841 | 0.01672 | 0.41437 | 0.00144 | 0.22482 | 0.00286 | 0.12390
409.96 5.84 2.41905 | 0.00841 | 0.01672 | 0.41437 | 0.00144 | 0.22482 | 0.00286 | 0.12390
419.95 5.84 2.41905 | 0.00841 | 0.01672 | 0.41437 | 0.00144 | 0.22482 | 0.00286 | 0.12390
o N2 79% + 02 21% .

;:::ld . ° !:f::id air air inlet ° ; 1
353K E

c.w. outlet

—  Stack

cw. inlet 0 ,

' k!
! cw. outlet -

H
)

i :

tocw. inlet — =
i

i

;

i

i

i

1w, outlet  «— 1
€0+1/202 <> CO2 : -
H2+1/202 <-> H20 icw.inlet —» -

air inlet

H CHA+H20 <-> CO+3H2
3 Steam(Pure H,0) H20+CO <-> CO2+H2
! to reformer

Fig. 3.13 Schematic of methane reforming system for PEMFC (Case 2)
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Fig. 3.14 The model of gas clean-up system by using Matlab Simulink (Case 2)

_80_

Collection @ kmou



[=3]
/
[=]
g
()

L
=1
b=

=]
w
n

=
T

=]

w

|
|

Outlet. H, Molar Flow [mol/s]
CH,, CO Molar Flow [mol/s]

1
(=]
i

1
=1
[=]
o

i i i i 1 i .I i i i i 1 i i i i 1 i I:l
350 370 390 410 430 450

Inlet Temperature [K]

(=]

w1 TIET Molar Flow e H2 Molar Flow == CH4 Molar Flow CO Molar Fiow

Fig. 3.15 The graph of molar flow of outlet side (Case 2)

04 0.25
035 |
i g
= loz B
2 03 g
[¥] g
m —
- b
e .
, 025 g
8 ] 01s
g q csssarasaas Wrrean Prrraas Wrreeas Proreean @rrrees pronsaey g
0.2 @ 3]
el 2
o o &
~ 0.15 ) &
Q, — | o
m - . r L g 3 W U
. 01 :
L]
a» loss o
Q
0.05
- o + ot o -+ +
0 0
330 370 390 410 430 450

Inlet Temperatur [K]

e H2 W Oar Fraction  « s «ges« H2OMOlE Fraction g CO2 Mokar Fraction g CH4 Molar Fraction

COMokr Fraction e 02 Wolar Fraction e 2 Molar Fraction

Fig. 3.16 The graph of molar fraction of outlet side (Case 2)

— 81 —
Collection @ kmou



3.2.3 Methanation Reactor &= &

Al HA HE delz datsiebio] weksle] o g Uk ErAE A A S
7] 913l Methanation Reactor= AXgt 7d-¢-o|t}. Fig. 3.172 712~ $AH 7=
PROXE A &3t A"l T35t yehfa, Fig. 3.182 ©|& Matlab Simulink
2 74T EEs BoEnh

b AWF vel go] Mud wWeslAE T 2 T sbx weo

CO+ 3H,~ CH,+ H,0 Ah(25c )= —206.1kJ/mol (96)

CO, + 4H,~ CH,+ 2H,0 Ah(25c )= —165.2kJ/mol 97)

wEtA] GatsgAE AASY] fE AERFHE T4 Fo] o= HE )
A 7t ) datsghe] FE7F e A9 Abgstet dakstea SuE
AAS7] A3l T4 37t AREHT ojgstgtA G A UNE ARSI o
g3l E o

Table 3.9= 7}~ &*g]7]E Methnation Reactors E3HA|AH AASE A=
RoF o] E Fig. 319, 3.20& 53ty 1dl=& yelflct Fig. 3.19= &+
Fo 2, Fig. 3.20& =2&2 2345 YEYIUTH

FoaaFd €S Mud F¢ WGSH PROXE ©Eo= AHgstes ARG
Ta F5EC] BR8] @2 Ae FHE AT 5 vk WGSH PROXE AHE
sHe A9 FafFol 2.0mol/sE P Zlol wkate] Methanationd] = AHg-]
doll= 20mol/ss @ PIAA X oW ofye} HFEE FIHAA
= & F5E° A FUlskA dom, dastea] =EE2 590K o4
7d-¢- 10ppme Z3st 7|Ee RFsHA XHh o]=H4 Methanation Reactor
= 279 dAFFALE AAstE Aol aFF o HE2EE werF <o
Ao ZEE0] Wold e o 4 Sth
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Methanation Reactor¥t @502 Al&3t= 749 dAlgeid 555 7|F °
StE FEZAZ F oy YAFEAS AASH] Y3 F4 ARE0] Fo} F
A F5Eo] A Lol B=E dxm AES HAS A &t
Table 3.9 Result Data for Methanation Reactor outlet side
Outlet Molar flow [mol/s] Molar Fraction
Temp.

K] Outlet Ho Methane CO Ho Methane H>O CO CO»
450.08 | 3811 | 1.622630 | 0.342803 0 0.425753 | 0.089946 | 0.377862 0 0.106439
460.01 | 3811 | 1.622630 | 0.342803 0 0.425753 | 0.089946 | 0.377862 0 0.106439
47014 | 3811 | 1.622630 | 0.342803 0 0.425753 | 0.089946 | 0.377862 0 0.106439
480.06 | 3811 | 1.622630 | 0.342803 0 0.425753 | 0.089946 | 0.377862 0 0.106439
49007 | 3811 | 1622632 | 0.342803 | % | 0425753 | 0.089046 | 0377862 | 1L | 0.106430
50002 | 3811 | 1622635 | 0342801 | LT2E | 0.425754 | 0.089946 | 0.377861 | 421F | 0.106439
51010 | 3811 | 1622639 | 0.342801 | S02F | 0.425755 | 0.089945 | 0.377860 | 92 | 0.106439
52004 | 3811 | 1622643 | 0342799 | 4% | 0.425756 | 0.089945 | 0.377860 | -LE | 0.106439
53012 | 3811 | 1622647 | 0.342798 | >-90° | 0.425756 | 0.089945 | 0.377859 | 11°F | 0.106439
54017 | 3811 | 1622651 | 0342796 | O-82F | 0.425757 | 0.089944 | 0.377858 | LTE | 0.106438
550.25 | 3811 | 1622654 | 0.342796 | S-0%F | 0.425758 | 0.089944 | 0.377858 | 212 | 0.106438
57038 | 3.811 | 1622662 | 0342793 | L%F | 0425750 | 0.089943 | 0.377857 | Z7CE | 0.106438
500.03 | 3811 | 1622757 | 0.342761 | 21E | 0425777 | 0.089933 | 0.377842 | -HIE | 0.106437
610.34 | 3811 | 1623186 | 0.342618 | 0.000185 | 0.425858 | 0.089889 | 0.377776 | 4B%E | 0106429
630.98 | 3.811 | 1.624885 | 0.342052 | 0.000751 | 0.426177 | 0.089714 | 0.377516 | 0.000197 | 0.106397
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Fig. 3.17 Schematic of methane reforming system for PEMFC (Case 3)
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Fig. 3.18 The model of gas clean-up system by using Matlab Simulink (Case 3)
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3.2.4 Water Gas Shift reactor®} Methanation Reactor 5A] #-&

Case 49} Case 5= F 7FA9 A Yr|E Ageted X3 B¢E ALbstdd
o WSGE 71822 F7HQl 348 7]& AAsith

Fig. 3.21& Case 42 WGSel| Z7}= Methanation ReactorE A 4|3k ¢ =,
WGS9} Methanation Reactorg &4 A &3 Al2¥ls =2138313 1 Fig. 3.22&

©]E Matlab Simulink® -4 3F

td
oy
flo
A
Auj
Y
Au

Table 3.102 WGS ¥3-71& &343 7129 A3E Ho|Fr} Table 3.103% 2
o] WGSHh= A &3 A5 d4kstetie] 5382 0.0030]2=2 o]& 0.00001°]
st2 vE7] flsled WGSe] o ©AZ Methanation Reactorg F7}1381% o
Table 3.112 WGS<2} Methanation ReactorE Al H83 3¢9 A3E el
Wt

WGSS}F Methanation Reactor® S A & &3
A Faste 071 HoAR AL <l

Methanation Reactorit& @502 AH83l= Case 33 H| st 2.0mol/sE& =

WGSE A&3 F4712=Hd8ReS T3l MA7] &7 FolA 2.6mol/sAE
FHS 2.9mol/sE Z7}A17)aL Methanation Reactors Eaf LAkslels & &
71221 10ppm °©letE TFAIFA oY, ditstetAE A ASE A AA 247}
2=l wgto] AAHJT wgk 3 FAY 2AAHE o4t Er A 21u| 2 A
A2t wje- F FFE VA E drled=dolth wHA JEdALE F
QA ABHAAA~E o7 BZIEEFE Methanation ReactorE &0l o

3l oAl aEsiE 227t 3

=

o

Table 3.10 Result Data for WGS outlet side

Outlet Molar flow [mol/s] Molar Fraction
Temp.
K] Outlet H, Methane CO H, Methane H,O CO CO;

480.68 | 4.480 | 2.947 | 0.008 | 0.013 | 0.658 | 0.002 | 0.175 | 0.003 | 0.162
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Table 3.11 Result Data for (WGS + Methanation Reactor) outlet side

Outlet Molar flow [mol/s] Molar Fraction
Temp.
K] Outlet Ho Methane CO Ho Methane H.O CO COq
499.75 | 4.453 | 2.906 | 0.022 0 0.653 | 0.005 | 0.179 0 0.163
;:j;neif i o :-I|1I‘J:;tnid air E
353K E E
= e .0
E cw. outlet «+— -~ f.w outlet +—
: T CO+3H2 <-> CH4+H20 H20L00. < 00212 J
cw. outlet é b . Giitiee et : cw. inlet —

cw. inlet o

| Steam(Pure H,0)

to reformer

t

CH4+H20 <-> CO+3H2
H20+CO <-> CO2+H2

Fig. 3.21 Schematic of methane reforming system for PEMFC (Case 4)
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Fig. 3.22 The model of gas clean-up system by using Matlab Simulink (Case 4)
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3.2.5 Water Gas Shift reactor®} PROX(Preferential Oxidation) reactor A & -&

Fig. 3.232 Case b2 WGSe| F7}2 PROXE A X5t WGSeF PROXE &A
Zs| + ©]E& Matlab Simulink® T3 =<5
= UrE‘r‘ﬁiE}. WGSE &3l 49 #5F< =°|il F7IE PROXE A5t
dibstebAiol w2 E £o|v= Ao B0 2 11 A+ Table 3.12¢ )
WGSe} PROX Reactorg A 483 4% WGSe| FA47t~dddgo =
FEFes MNE7 =7 FY FarFEY ST7HAFH T, o] PROXAA o
BAE SN A AATC =N PEMFCY Ak grAd F5E 7|4 ol3t=
ANAY. B =F2] 3.2.2 PROX(Preferential Oxidation) reactor ©% 2 &
oA Ag3t vk} o] US40 4bENkgo| H Q3 A4 A
A =(S)9} Eg(n)ﬁ] FdFS W=D o] W4 E PROX Y7459 &%
U A sol w2} PROXY Aol WMslstEzg o599 J¥Fox PROX =
LS4 fFEFo] Sk o ATk
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Table 3.12 Result Data for (WGS + PROX Reactor) outlet side

Outlet Molar flow [mol/s] Molar Fraction

Temp. Metha Metha

G | outlet | Hy o co H, S0t O | CO | €O | O N,

4.05E 7.27E
443.57 | 5.566 | 2.642 | 0.008 05 0.475 | 0.002 | 0.196 06 0.133 | 0.018 | 0.177
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Fig. 3.23 Schematic of methane reforming system for PEMFC (Case 5)
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Fig. 3.24 The model of gas clean-up system by using Matlab Simulink (Case 5)
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Table 3.13 Voltage and output power according to the change of air stoichiometry

Stoichiometry 1.2 1.5 2 3 4 5
Power [kW] 118.3 120.3 122.0 123.5 124.1 124.4
Voltage [V] 211.3 214.8 217.9 220.5 221.5 222.1
250 ) 130
240 1 s
i 120 _
2. | _— - i
gJIJ : 115
i )
S0t / s
I g
I 110
200 =t=V oltage(V) 1
190 =—Power(kW) — 105
180 : S LN G Y (N A (/1| o, OO . .0 O P11 A A T L O i 100
1 15 ) 25 3 35 - 45 5

Supply Air Stoichiometry

Fig. 3.25 Voltage and output power according to the change of air

stoichiometry
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Table 3.14 Voltage and output power according to the change of operating
temperature for stack(Cooling water outlet temperature)

erati
Operating 333 343 353 363 373
Temp.[K]
Power [kW] 123.9 124.1 124.4 125.1 124.3
Voltage [V] 221.2 221.5 222.1 223.4 222.0
250 . ] 130
45 ¢ 1 128
210 £ § 15
235 ¢ 7 14
> 230 jmg
o .. L 3 ] ]
225 ¢ ] 120 g
= _,,.w*""ﬁ‘ 2
0 220 F — 1 118 o
"} c _2___._*__,_._._’—#—*'1?""# 5 =
U5 e iy ] U6
210 f =Voltage(v) ] 14
203 ‘ =+=Power(kW) ' 112
200 :I Y Y PO P O O PO Y IO (151 L' O 1 ) o M 1 T YOO Y O N T IR |: 11[]

333 338 343 348 353 358 363 368 373
Operating Temperature [K]

Fig. 3.26 Voltage and output power according to the change of operating

temperature for stack (Cooling water outlet temperature)
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Table 3.15 Voltage and output power according to the change of fuel pressure

Supply Fuel
S 1.0 2.0 3.0 4.0 5.0
Press. [atm]
Power [kW] 103.4 119.4 125.8 126.2 126.5
Voltage [V] 184.6 223.2 224.6 225.4 225.9
240 140
220 u T 135
130
200
125 &=
E 180 4 i
L]
omrj 120 5
g L
S 160 :
> ] 115 ¢
140 ==V pltage(V)
1 110
[ =s=DPower(kW)
120 : 1 105
100 -I T SAY Y RO Y B T o RN TR e o ER T N o TR A S TR | I: 1[][]
1 15 2 25 3 35 4 43 5

Supply Fuel Pressure [K]

Fig. 3.27 Voltage and output power according to the change of fuel pressure
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Table 4.1 Table of Gas clean-up section processing results(Fuel cell stack inlet side)

Molar Flow [mol/s] Molar Fraction Output
Volt Power
Outlet H, Methane CcO H, Methane | H,O CO CO, 0 N; 0tage owe
[V] (kW]
WGS
4.480 2.947 0.008 0.013 0.658 0.002 0.175 0.003 0.162 - - - -
(Casel)
PROX
5.838 2.419 0.008 0.017 0.414 0.001 0.225 0.003 0.124 0.013 0.219 - -
(Case2)
Methantion
3.811 1.623 0.343 0 0.426 0.090 0.378 0 0.106 - - - -
(Case3d)
WGS +
Methantion | 4.453 2.906 0.022 0 0.653 0.005 0.179 0 0.163 - - 218.5 122.3
(Cased)
WGS 4.05E 7.27E
PROX 5.566 2.642 0.008 0.475 0.002 0.196 0.133 0.018 0.177 216.6 121.3
(Caseb) -05 -06
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