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Motivation

Thermodynamic analysis of the transport processes in the hydrogen fuel cells
(HFC) is oriented to the following items:

>

to formulate adequate global theory of the transformation of chemical
energy into electricity and analyze the possible maximum efficiency

include all relevant internal processes like electro-osmotic coupling,
chemical degradation, etc.,

to derive the entropy production for the HFC and to define all relevant
thermodynamic forces and fluxes for the HFC performance,

to find the maximum coupling between diffusion flux end electric flux
and consequently to estimate the maximum efficiency of the
transformation of the chemical energy into electricity,

to formulate the relation of the reactants and products transport to the
global HFC efficiency.



HFC structure and corresponding relevant processes.
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Balance of enthalpy-alternative form of the balance of
energy, non-volumetric work application

Deformation tensor
e=ey+egqs and Vv= dg+dgs

the enthalpy for solids and fluids
t . p :
h=u— —eyq forsolids, h=u+ = for fluids
P P

|. Law of thermodynamics has with respect to the above decomposition the
alternative form

, L o P '
ph = —pe (;) + tégis — divq + je€ + PE(;> + PB(%) + QX

H-Q = / {pee/(t) + tégis +je& + pg(E) + pB(M)
% P P p

dH — dQ Vdp + Zua dN, classical form

dv + QEX




Entropy balance-general concept
For all real cyclic processes C running in the system V during which
is possible measured in each moment the temperature T, has to
fulfill the inequality

t2
?{dQ / th < 0 Clausius inequality

i.e., some amount of heat has to be removed from the system
Entropy is defined by the inequality
TdS = TdSi + TdSeq > dQ for TdSeq = dQ
TS = TS+ TS5q>Q for TSeu=0@Q
S—J(S) = P(5)>0 Il Law of Thermodynamics

q g
for S:/ sdv, J(S5) = / —da+/ —dv,
vp (5) ov T v T

P(S) = / o(S)dv > 0 entropy production is always positive
\%



Reversible and irreversible processes

/‘[da /dQ /df_? =S(1)-5(2) <0 or S(2)> (1)

1r<:>dQ 0 eqe TdSeqfdQ

>
>

thermodynamic parameter

thermodynamic parameter

All periodic processes are composed from the irreversible part "ir"and
reversible part "eq". The entropy of isolated system reach maximum.



Stability of the equilibrium (reference) state

The entropy closed the equilibrium state is

1
5 = Seq+dSeq+§d256q+"

time derivative S Seq + dSeq + §d25eq +e

and from entropy balance follows

Seq + dSoq = T (S) = = dSeq +P(S)

—0

—0

Stability of the equilibrium (reference) state is satisfied by the
conditions:

> Seq =J(S) J?eq = 0 maximum (in steady state J(S) = 0)
> 1d2Seq = P(S) >0 stability




Entropy flux and entropy production.

Entropy flux is induced the heat flux j, and by the diffusion fluxes
of fuel and wastes, with the partial chemical potentials p, and
enthalpies h,

e
i(5) =i, 50 + 2 = o= 2eadoutle ¥ 2doale) g

The entropy production (2) is a bilinear form

o(s) =) /Xy >0 (2)
Y

where J, are thermodynamic fluxes and X, are thermodynamic.
The last inequality is an alternative form of II. law of
thermodynamics.



Entropy production for chemically reacting mixture

Typical form of transport processes J and their driving forces X in
the chemical devices. Corresponding entropy production is

P(S) = Z'y Iy Xy~ %ﬁeq >0

Flux J Force X,

heat flux iq v (%)—heat release
thermodiffusion J.DQ ha v (%) -fuel delivery
concentration diffusion iDa (v¢.”) -water dif. in PEM
electric current je.a F% = 7%V¢ -proton flux
electric field induced p(E — Eeq) % %) -change of polarization in PEM
magnetic induced p(B — Beq) % (%) -change of magnetization in PEM
visco-plastic processes for solids tyis (T, d, fd'-') %

()
viscosity tyis — 2o PaVD, @ VD, %
swelling tdi'a»V(%) VDo
capillary flux iDe r?‘ = +%V(o a)
chemical reaction (-p A—Tp - at CL and GDL

and phase transition




Relation between entropy production and damping of

fluctuations

The entropy is convex function of its parameters, which fluctuates
around the stable reference state Sy or around the equilibrium state

Seq-
. . . $—Sec d?Sec
The probability of fluctuations is Pr ~ exp [T*} = exp [Ti}

A

s
ds+ld?s=s.s, CLOSED SYSTEM

OPEN
SYSTEM

/

¥ FLUCTUATION /
/

REFERENCE STATE




Global form of the energy balance for chemical devices

The change of the enthalpy AH of the whole FC is
TAS = T(ASeq + AS;,) > AQ = AH + W.,

where AQ is the heat release during FC operation and it is induced mainly by
the chemical reactions. AQ < 0 for the heat outgoing from the system. The
alternative formulation of the balance of energy is by the Gibbs free enthalpy
AG = AH — TASeq — SeqAT, so that the equation has the form

AG < —SegAT — W + TAS;,.



HFC structure and corresponding relevant processes.
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Entropy balance for the fuel cell

The energy balance for non-volumetric work W, is formulated by the enthalpy
H

JatTon = H+W.,
where Jq is the heat flux and Jpj is the enthalpy flux. The entropy balance is
§—J(S)=P(S) >0, for J(S)=Ta(S)+ Ton(S)+ Tog(S)-

The global entropy production P(S) = [, o(s)dv > 0 is always positive and
corresponding heat is continuously removed from the system by the heat flux
J4(S)- The entropy production P(S) > 0 is compensated by the flux of the
negative entropy (fuel delivery) which is composed from the enthalpy flux
Jpn(S) > 0 or from the Gibbs free enthalpy flux Jpg(S) > 0.



Efficiency power dependency — global approach |

Energy conversion in the closed cycle at constant enthalpy .

Electrolyser — the incoming energy flux contains the energy Wi . needed for the
chemical reactions (e.g., water decomposition) and corresponding heat loss is
Q1 out, 50 that Quin = Quoue + Wie.

FC — the outgoing energy er contains the electric power accompanied by the
heat Q2 out, SO that QZ in — QQ out + W2e

7y T,
(T,

H=nh
T, J ql J pml
W(zc QIV! VVlc T jl ”(T T j”/”£B (T T)
Fuel <l Electro- J B
cell lyser Toeq G W
Dh3 Dh4 ,

‘7(14 ia (T T) jl}hJ
l jl)hi

O=H+W,, H=0 I



Definitions of efficiencies |

For the AS;, = 0 the maximum possible efficiency of a chemical transformation

is
_ -V _AG, SkAT|  _AG
TETAH T AHT TAH |,,. AH

The incoming power is TH;,, = Veq T_pze/f;NH2 i» and measured outgoing power

is Wact = Veeyl. The measured actual efficiency by means of the polarization

curve is
o Wact o AGin 1 TASir
n = —— = — + —
Hin AI_Il'n AGl'n
_ an Wact = NoNm = Vcell NHz in Vcell /
= —— - = 1NoNm — - = 0
AI_,in an eqT.p NHz act eqT.p Ze FNHz act
—_———
fuel utilization
VeqT,p = 7% = 1.184 V is equilibrium cell potential at temperature T = 353 K, pressure

V,
p = 101.3 kPa for pure hydrogen and air. Theoretical efficiency 7, = :QAZéP = 0.7989 ~ 0.8.




Definitions of efficiencies Il — efficiency splitting

The hypothetical (endoreversible) FC efficiency is defined as
WHV

Mo =——""
A’-Iin
We consider that hypothetical FC ( PEM especially) convert all incoming Gibbs
free enthalpy into electric power, i.e., W,, = —AG;, and is connected with the
reactants delivery and products outflow and does not depend on the actual
chemical energy transformation. The membrane efficiency is

Nm = Kact _ 7W.act _ 1+ ES'.’ S 1
an AGI AGin

and describes the transformation of the chemical energy AG;, into electric
energy through the dissipation TAS;,.



Efficiency power dependency — global approach Il

We suppose the closed cycle, it means that the change of the total enthalpy is
zero (H = 0) and the energy balance becomes

Oin_Oout = We:_TA.S“Fﬁ:—VLVe,
for efficiency 7 = ‘./Ve
Qin
heat fluxes are  Qin We

B Qout - JWC'
n n

The final form of the entropy balance for the electrochemical device is

Q‘ in Q in We A.Gin
T3 Ta Ta T4 0, ( (S) 0)




Efficiency power dependency — global approach Il

The heat and enthalpy fluxes between the different temperatures are driven by
the temperature gradients [,,,(jg + >, ip.ha)da =T ~ VT,

Qin = Ja3 + Tprs = yu(T1 — T3), Qout = Jaz + Tpre = y(Ta — T2),
for Yyw=an+Bu, Y=o +pbL.
The relation between the total efficiency 7 = W ace/Qin and the actual electric

power is the relation between the total efficiency 1 and the actual electric
power is

: (1 = 1m)n — T1m] o
We act = for n = 107m, 0= —"—<0
CT m(1— 1) +0m VH + L




Typical form of the efficiencies

The comparison of the FC efficiencies for typical HFC with
Neh = 0.8, We ref = Y10 T1 =2Wem 2,79 = —0.5, 7y = —0.01

1-

0487 nlﬂ
T— Mo
0.6 2
0.4
0.2
0 1 L L ] 1 1 |
0 0.1 0.2 03 04 05 0.6 0.7 08
2 -2,
Weact A1
. Nth
N = 10Nmlym—1 = M0, and 1no(Wn, > 0) ~ -
- )0

for 7= ny(l-— 7],,,)]%_>1 and 4 <0



Maximum efficiency and maximum power of FC

For the open circuit conditions (We ac¢) — 0) the membrane
efficiency goes to the value 7, =1 — (7/n4).

OWe act _ 1— 1=

P =0, Tmmax =
Im - |~6=0,m0—1eh, 70 Mlth

-
where 1 =nonm = Im = "70|an1 = Nth
1— Nm Nm—1

Theoretical maximum efficiency of the membrane depends on the
nen only and the corresponding theoretical maximum power output
is

We max = (1 -V 1- "7th)2

and depends as well on the n, only.



Maximal FC efficiency

Dependance of the efficiency 77 = 79mm on the power density e, act for
w. f=1 Wcm_2, V‘Ve, max = 1 Wcm_Z, ~vo = —0.5 for the different fuels.

e, re

1-

0.8
\

0.6+

n[1]

04

0.2-

I Il I Il 1 1
% 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
wt]

Theoretical maximum efficiency of the membrane depends on the 7, only

e act B 1— /Ty

=0, 7mmax =
Mm  |y0=0,ng—n,y,. T—0 Meh

TNm
where 1 = nonm = —— =10lnm—1 = Nep
1 —1m Nm—1



Maximal FC efficiency for different fuels

Reaction enthalpy Gibbs enthalpy, efficigncy max. max.
—AH[kJmol™1] —AG [kimol 1] Nely = %—ﬁ [1] effic, [1] power [1]

Ha +1/202 —
20 liq 286.0 237.13 0.829 0.707 0.343

Hy + 16202 —
H30 gas 241.8 228.6 0.946 0.811 0.589

CO+1/20; —
COy 283.1 257.2 0.909 0.768 0.487
CH3OH + 3/203 — 726.6 7025 0.967 0.846 0.669

CO2 +2H20 j,
CHg + 203 — 802.4 800.9 0.999 0.969 0.937

CO2 + 2H20 gas




Coupling coefficient definition

For water activity a,, in PEM and for electric potential ¢ the
coupling between water diffusivity and proton conductivity is

) L F
i, = —pD,Va, — 7{"/\7’:“ V¢ water flux
. . M L R M
ipH+ =le ,’__'“ - _THWwRg,, — HHIPVQZ) proton flux

My aw

For Grotthus mechanism is L+ — Lyp,0+. The cross coefficient

M wMy T
LH3O+W:q H;—O+ & R DWUp

represents the electro-osmotic coupling by the "coupling
coefhicient"q.



Proton conductivity and water diffusivity dependance on
water activity a,, in PEM without coupling

Benziger J. et all : Struct Bond 141: 85-113, 2011

1.E+00

10
~ 1E01 paant u g fEne® . .
g o . e . 70C
% 1603 - ” + 80C g7
“—; m 100C E 6
g 1604 "- N '222 ES " s0C
o 14
g b +—Empirical Fit —g 4
§ 1E06 £
7] 63
1.E07 2 _» 23C
1608 = S R
00 02 04 06 08 1.0 0 e
Water Activity 0.00 0.10 0.20 0.30 ‘(']"4:1' A“OWS:v 0.60 0.70 0.80 090
Proton conductivity of Nafion as a Effective diffusion coefficient of water in
function of water activity at different EW 1100 Nafion as a function of water
temperatures. The empirical fit to the activity and temperature and can be fitted
data is given by D,, = 0.265a% exp(—3343/T) cm?/s

op = 1.3 107 "exp(14a%?) S/cm



Membrane efficiency and electro-osmotic coupling

Coupling coefficient g

LH30+W FLH3O+W

qg= =
\/ waLH3O+W MH3O+ \/%DW(2W7 T)U(aw)

Ly, 0+ w is unknown electro-osmotic coefficient

Force ratio y
_ \/LH3O+H3O+Xe _ wawO'p Vd)
Y LawXw  \| RTD, Va,




Maximal efficiency and maximal coupling

The unknown dependance between thermal efficiency nm(y, g) and
electro-osmotic coupling g (or Ly, o0+ ) is determined from the maximum
condition

dnm : -1+ +1—¢q? —-1—+/1—¢q?

=0, ie, yp=——"——— and y=
dy q q

@ —24+2\/1—q y2 “1+/1-¢ _

and €e.wmax =

Nm max = -
32 -4+1-q yityi—1 q
Maximum coupling condition for Hydronium ions H>O™

_ [Mwpwop Vo
y1= ’,7p2RTDW Vo <0 for gqe(0,1)

da,,
dx

Water concentration gradient (e.g., Vaw ~ ) has to have the opposite

direction to the potential gradient V¢ ~ Z—f.



Coupling coefficient—efficiency dependence

1.0
AG
n, =E=0.8
0.8
06 . ,
membrane efficiency dissipation ratio
__ FCel energy output W, & = J X,
M= FC Gibbs enthalpy input B AGO 4 "X, 4

-1.0 -0.5 0.5 1.0
unreal real processes
FLy ..
Couplig coefficient 9~ o M.T
M, " Dulay.T)o, (a,)
"OVR ’ The

influence of coupling coefficient on the values of the thermal
efficiency of Hydrogen fuel cell and on the efficiency of PEM.



FC efficiencies close to operating conditions

1.0
_AG
M =2
0.8
Dissipation ratio =, %
0.6
Actual operating condtions
0.4

membrane efficiency 1,

0.92 0.94 0.96 0.98 1.00

Couplig coefficient g
The thermal and PEM efficiencies close to the operation conditions. Coupling
coefficient q is really very close to 1.



Coupling influence on proton conductivity and water
diffusivity

The coupling coefficient g depends on the thermal efficiency 1, and

consequently on the power w and influences strongly the proton conductivity
and water diffusivity.

1

onm
oo
#

°
()}

n, =1-1.6y1-¢

aproximation

©
iN
%

Membrane efficiency
V

©
N

0

. . J 0.
electro-osmosis factor sqrt(1-q

Jo =

82)

—V1-q*0p(aw)Ve
—Pwo V 1 - q2Dw(aw)vaw

1



Polarization curve - Input data

Polarization curve (Vi) follows directly from the general formula
for We, act = We, act(1, m, T,70) putting

iV R
el for W, f=7TH70T1

—i Ve J— - . .
= Tae’ AH;, = th TVPZeFNHz in = —1 Vgl, T,p> Weact = s e rei
AH;, e ref
> Ve Tp= 7% = % = 1.473 V is the electric potential corresponding to the higher

heating value at actual temperature T = 353 K, pressure p = 101.3 kPa and fuel concentration
(pure Hydrogen and Air)
> VeqT,p = —% = 1.184 V is equilibrium cell potential at actual temperature T = 353 K,

pressure p = 101.3 kPa and fuel concentration (pure Hydrogen and Air). Corresponding
. . P B _ YeqT.p _ ~
theoretical efficiency (open circuit performance) is 7, = —T5-=F = 0.8038 ~ 0.8.

Pz is number of exchanged electrons (for Ha, ze = 2) and NHz act [mol/cm™2s] is actual fuel

(H2) consummation (utilized fuel only).
P The total incoming power is AH;, = th -,—szeFNH2 inn AG = Vgq -,—",ZEFN,.,2 act is into the
electric power converted part, and measured outgoing power density is
. R i —2
iV = Weact W, o [Wem™ 7] .



Polarization curve-Implicit form

Implicit relation between voltage and current density

Vcell =

1- Um) (1 - 77m)Weref
1— 1+ — 4(1 — 77m)77mWeact .
[We act(nm - 70) - 7—77m]
The membrane efficiency 7, is calculated from the general formula,
when the transport processes are neglected, i.e., 7o = 0. Explicit

form Ve = Vcell(iv We ref» Vin T,p>Mth, T,70,0p; /mol) we find
putting

Vin T.p { Tlm ("7m - 70)’. Vcell] %
2 [(

. i Vcell
Veen = nVin 1 and  Weact = —
We ref




Including the coupling and internal resistance
Coupling g between proton current and water flux is expressed by actual
electric power

: . . : 0
We,act = Ve = We, act We,ref = -V 1-—- q2(7p Vcell£
2
~ +/1-q?%0p (@)

Im is the thickness of PEM
Electro-osmotic factor /1 — g2 is replaced by the aprox. formula
Nm, coupl = 1 — 1.6ﬂ so that the coupling is described by

-1 1-6We,actWe,ref
Tlm, coupl = 1 — #
o cell
P Im

and included in the final PEM efficiency
Nm, f = Nm"m, coupl

The passive resistance R; [©2] coming from the connecting wires and the
electrodes and GDL (no from the PEM)

Veen,f = Veenn — iR;



Comparison with the experiments

Accelerating test procedure according to JRC Scientific and Technical Reports
Test Module PEFC SC 5-4

The tested cell provided PaxiTech and is marked as MEA S50-5L with area 50
2
cm

catalyst 70 % Pt/C, catalyst loading 0.5 mg Pt-cm™2 and membrane thickness
50 o m.

12 T : :
‘membrane thickness 50um ‘ < before On/Off cycling
1k « after On/Off cycling
3
0.8% without coupl., 6_ =0 ith coupl.
: = c =0.15 Scm’”'
= E 7,,=-0.0041 Wem 2K, 4 =-0.68
=06 with coupl. e H om K
[ c_=0.13 Scm” e
> 4,=-0.0037 Wem 2K, 4 =-0.72 i eSS\
0.4~ -

0.2 0.3 0.4 0.5
i[Acm?

\
I L il L 1 A
O0 0.1 0.6 0.7

0.8



Reverse flow study

The existence of the double layer changes the potential between the electrodes.
For very low supply of the fuel (open circuit conditions) the anodic current is
higher then cathodic current

after reactions

before reactions

AG, = AG, —(1-a)F A} AG. =AG +aFAd

Pt +2¢ > Pt . PtoPt +2¢
+
N B
ANODE + -
+ - CATHODE
j.~ [Red]exp(AG, /RT) =--===="*"" j. ~ [Ox]exp(AG, / RT)

OXIDATION RI{I)l'("I'IO\
Red > Ox + ve Ox + ve” — Red

double layer



Reverse flow study-Butler-Volmer equation

the exchange current density depends on the actual concentrations of fuels (in
our case the Hydrogen and Oxygen) and transfer coefficients a., ac, i. e.,

CMaFVeq T.p

RT, “)

io = 2Fk, ng‘zsexp {

} = 2Fkenp, exp [M]

RT,

where nu,, no, [mol/m?3] are fuel concentrations, ka, ke [1/s] are the unknown
reaction rates (activity of the catalysts layers), F = 96.485 [C/mol], R = 8.314
[4/(mol K)]. The concentration of [O2] is used instead of the unknown
concentration of [H'].

For the loaded FC the electrode potential changes from its zero current value
Veq T,p to the actual value Ve and the Butler-Volmer equation has usual form

P OCaF(\/.:ell - Veq T,p) _OCCF(VceII - Veq T,p)
i=1ip [exp { RT, exp RT,

where the difference Ve — Veq T,p is called overpotential.



Butler-Volmer study

12 T T T T T T
+ exp.NTC

Comparison with Buttler-Volmer equation

o 08 R=0.400
3
> 04t
02F
ok
0.2 i 1 1 1 1 1 1
“0 0.1 02 03 04 05 06 07 08

iAcm?



Transfer coefficient

Vel [V]

I
-1.5 -1

(—)3 25 -2
log(i); i[Acm?]



Reverse flow-Thermodynamic theory

Reverse flow study T m——
0.8 7l

06 /
04 y
s
021 Mme=0997, |0 _=0.997, | |n, =0999, i 2
s v,=-0.68 y0=—0 5 Yo~ 0.68
S 0,T2~T‘=1‘15K Tyil4=1:15K T21T1=0.3K -
>

2 15 K 05 0 05 1
iAcm?



Summary

> The splitting of the work on the volumetric and non-volumetric get new
possibility to formulate electro-chemical processes

> Close to the steady state is the entropy production compensated by the
decrease of entropy and entropy flux is "almost"constant

> The efficiency of the energy transformations depends on the power and
has the maximum. This analysis offers to find the optimal design and
operation conditions.

» The coupling between different processes is self-regulated to reach the
minimum entropy production (minimum entropy decrease)
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