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Theoretical efficiency of a fuel is defined as in the gas-liquid
operation mode, i.e. the evaporation heat is included

W, —AG, 237.13kJ/mol
AH . 285.84kJ/mol

Theor = =
AH ref

Taking into account the entropy increase evaluates,

the corresponding Gibbs free enthalpy change is

=0.8295

ref

AG =AH-TAS =AH-To(S)=AH+ j, . FVg+ jy oVit o
W =] .FV¢ actual electric power

jHZOV Mo the “lost power” of transport processes

The relation of to the total efficiency to transport efficiency

Wel JH+FV¢ JH+FV¢ _ U
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Simplified model

Individual Fuel Cell

Model assumptions

' d @ One-dimensional reactor
M v L]
" @ Homogeneous
[}
" @ Constant reactant concentration J
Excess Ha
o roee) /. Electric /.
"~ Power
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FUEL CELL
direct conversion chemical energy into electrical energy

Hydrogen Fuel Cell --- Proton Exchange Fuel Cell (PEFC)
2H,0+H, — 2H,0" +2¢’ anode - oxydation
O,+4H"+4e” — 2H,0 cathode - reduction

Methanol Fuel Cell --- Direct Methanol Fuel Cell (DMFC)
CH,OH+H,0 — CO,+6H" +6€’ anode - oxydation
O,+4H"+4e” — 2H,0 cathode - reduction



Entropy productiono(S) depends on the balance laws formulation

J(S)zjlﬂ(ij_zzjl %) (,uaj I ) (ZQF¢j l'[('jj oV . +l rA >0
q aXI T D, @X T F ax T T is i
Mass & el. Charge ( Z,) transfer friciBh  Ehemical

reactions
Heat transfer ;
F =9.6495-10" [C/kmol]

For isothermal case
v, =P, (V,~v'),difusionfluxes for a,B,=H,0, H,0",H,,H",0,
i, = p, (Vi.-v'),electric currentof charged component

r _Z A, chemical reaction rates for p, o = cath,anode



Nafion-Perfluorosulfonacid-polymer
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SO;H- complex induced dissociation by water

_Hhr Electric conductivity
R\ ,(_)l + H,0 R\ ,;0' HH depends on water content
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Distribution of all relevant quantities between electrodes
by Frank Meier, Universitat Stuttgart
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Electro-chemical potential

ﬂa(T,p,Ca,¢,0) ya(T p)+RTIn(C j+z F¢+A_0 [L}

Reference pot. Influence Co kmol
of pure substance of el. field
Influence of Influence of
concentration capillarity,
for water only
a=H,0

g(ca) water surface tension depends on a solute concentration C,
on the surface A_in1 m3 of the porous membrane



Thermodynamic analysis of transport processes

Io {kmzol}_ L, OLs Iwe a¢, water diffusion flux
“1 m?s > ac,, 8y ¢ oy

I [kmzol} =L, Ote| Oy +L,, 9 elecric current

FL ms ac,, |, oy 8¢ oy

L, =L, .. electrophoresiscoefficients

Ew

Diff. coef.... —L, > 0,conductivity —L,, >0,

2
physical dimension of all coef. are {kmol }
ms

: L : :
Coupling coef. g = - EWL ,... close relation to electrophoresis
D

w €€



Chemical potential of simplified model is
1, (c,.4)=pm, (T =const, p=const)+RT I

COa
and corresponding diffusion and electric fluxes are

2 2
jDW {kmol}: LDW all aacy L,.ZF 85 water diffusion flux LDW {kmol } Le{kmOI }

m?s C, Jms Jms
: 2 2
L[kmzol} =L, ﬂéi LeeZF% elecric current, L, kmol” | _ L., kmol
FL m’s c, OY oy Jms Jms

Water diffusion flux through membrane or catalyst layersdepends
on coupling coefficient g

: RT oc Lo, |
Ly ~—(1-q?) S 4q [on L
lo, c o =) oy WL F

w ee

from experiments (H.van Bussel et al.,1998) and analysis (A. Kulikovski, 2003)
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Extreme “efficiency” of electric power depends on electrophoresis

coef. g2 only
electric power  5q+05° it q°
I - - - - 1 2 : max T 2 2 |
total dissipation 1+285q+ 6 x| 2. 1—q (li 1—q )

In all operating modesoq <0,

for O = e x{
I—D

electric intensity | 1% 1-9°
water gradient q '

W

Conclusion

) for 40,6 {electrlc intensity } <0 ie 2

_ ¢ > O —* <0,
water gradient &y

oy

standard fuel cell operation

L)for q<0, & o electric |nter_13|ty 50 | a¢ g O %Cu 0,
water gradient oy 8y

electrolysis



Water content 4 has close conection to thecoupling coefficient g
representing the diffusion flux through membrane or catalyst layers

RT oc,, L, |

—(1-¢%) 22 +q |2

C, oy L. F

From the comparison with the experiments (H.van Bussel et al.,1998) and

corresponding analysis (A. Kulikovski, 2003) we have

jDW:L

: oc,, 1
Jo, =—Du (/I)E‘F ny (1) =

W

C C )
where 4[] 22 ] 2w :A£ P, )lswatercontent and
C. P
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. c
Cuo0 ~Cy o and water content is A0 —220 %= A

H,0*
CSO;, CH+

Typical operational conditions c L : J

pv ,sat

C s, [kmol/m3]- concentration of sulphonic acid groups and ¢ ,,, =C

8

Water concentration IS C,, =C 5 = ACqo,

aCH2 0}

Diffusion coefficient is defined by j, =-D,, (/1)%&+ n, (/1)% or j, =-D (1)
W y Hy0 Hy0

2
D (1) {m_] IS estimate by the experiments (H.van Bussel et al.,1998)
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Electroosmotic drag coefficient n,applied in calculations

1= Chj0

C..

Water content



Relation between water diffusion DHZO conductivity g(,l)
drag coefficient ng (4) , coupling coefficient g

and water content A

ZAD, 4 (/1)(:S o

10°n, (1) =

qF
Ji-q2 ' o(4)RT



Applied chemical reaction for thermodynamical analysis

Mass balance equations

decy,o .
81‘2 = Wc— V- jg,o0
k+ n aCH+ -
H, == 2H" 4 2e” 5 = Wa—2We—V-jus
ki L )
k+
10, +2HY +2¢° = — H,0 Anode/cathode reaction rates
—
W, = k+cH — kg e




Modal analysis

Perturbations of the stationary solution CH,0, CH+

cH,0 = CH,0 + 0 exp(kx —wt)

Cy+ = Cy+ + CEI+ exp(kx — wt)

A non-zero perturbation amplitudes c2 . ¢2. condition
H,0' ‘H

gives the dispersion relation between k and w




Characteristic membrane thickness L, [um]
Characteristic damping time 7, =1/@ sl

1dss T
1500 fremmmmees : -ojs —': _._ -
e g
—_— ) T NS L L T
= 135 frem-——— . s i g “rmmoon T
___,.-"" ug I
1

o=4Jkk ctc, o,

haracteristic Length |u

DH 0 1 — —d "y § § T 12 14 16
T 2 2

I — V 440 .

Ak
II

Characterigtic Length |um




)

1.23V

ANODE (+)
OXIDATION

(

CATHODE (-)
REDUCTION

Ilu.lu‘iu'h'll - oc;-
+§Reac1 o
H E o ay.
L H
H" : >
| iSSPk .0 :
| i & | POLYMER
: 27 | MEMBRANE
- E 0 o 0
H+§ O | o ° OHZQ
x : ST ‘o
| [TT )
| »n '+
2 iNa|
S iy&
Bk
&
H' i

®
LC A"‘"SO“.m LM"200“.ITI LCC ~50pm

0O

H.0— 1/2 O:+2H +2¢



Water content
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Efficiency of transport processes

ju+ - FVo We
—Jju,0 - Vua,0  AGy

MNtr —

Maximum efficiency
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Theoretical efficiency of a fuel is defined as in the gas-liquid
operation mode, i.e. the evaporation heat is included

AG
n = Wiax _ ACr _ 237.13kJ/mol _0.8205

AH AH 285.84 kJ/mol

Taking into account the entropy increase evaluates,
the corresponding Gibbs free enthalpy change is

ref ref

AG =AH-TAS =AH+To (S)=AH=j, FVg—j, oVit o

W =] .FV¢ actual electric power
jHZOV Mo the “lost power” of transport processes
The relation of the thermal efficiency 77 to the total efficiency 7},

W, W AG
h = — = 1 Teor s
ZSF1 ZS(; AH
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SUMMARY

Conclusion for fuel cells following from the thermodynamics analysis:

« The gradients of electric potential and water concentration can be both
conformal (electric power generation) and opposite (electrolysis).

« The characteristic dimension of polymer membrane is in a certain relation
to the water concentration and water diffusivity.

« Total efficiency is in the close relation to transport efficiency, which
Is a function of the water content
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