Losses In Fuel Cells

Reversible Voltage (Chapter 2) Activation Loss (Chapter 3) Ohmic Loss (Chapter 4)
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Fuel Cell Thermodynamics



Thermodynamics

Nobel laureate Richard Feynmann said,
“In physics today, we have no knowledge of what energy is.”

Self—consisting “laws” from fundamental assumptions based on
human experience.
Q: How to “prove” Newton’s Law or Schrodinger Equation?

Internal energy (U)
NO movement in macroscopic view,
but microscopic movement exist.

« Kinetic energy
— Molecular movement &
vibration
- Chemical (potential) energy
— Bonding between atoms

View

Microscopic



Laws of Thermodynamics

First law: conservation of energy
d(Eﬂergy)univ = d(Energy)sys’[em T d(Energy)surroundings =0
d(Energy)Sys‘[em = _d(Energy)surroundings

dU =dQ - dW
(dW)mech: Dd\/
dU =dQ - padV

Second law: Entropy of a system increases (dS,,,,=0)
Macroscopic: dS=dQ,,,/T
Microscopic: S =k log @
K: boltzmann’s constant
Q: No. of possible microstates accessible to the system



Entropy Example

a) A perfect crystal of 100 atoms: only 1 microstate
(configuration)

S=klogQ=klog1=0

b) A crystal of 97 atoms with 100 lattice space:
R=100C5=1.6 * 10°
S=1.66*10"22J/K



Thermodynamic Potentials

Rules describe energy transfer form one form to another

Let’s define four potentials U(S,V), H(S,p), G(T,p),F(T,V) for the
variables S, V, T, p

Starting from dU =dQ — pdV =TdS —pdV © U =U(S, V) or

dl] _ dl7
(55), =7 (F)=r
(T, p) (S, p) (T, V)
dl] dl] dl/

T () 5 (= —J7 [

¢ [ ( dS ji ( dV ) 51 H=t ( dV ) 51

G=U—-TS+pV H=U+4pV F=U-T5
dG = dU — Td5 — SdT 4 pdV + Vidp dH = dl7 + j_Jtﬂ’F -+ ]r"rffp

diz = —SdT + Vidp

dH = TdS + Vdp




Thermodynamics Potential

=2,

Internal Helmholtz
U Energy F Free Energy
F°=1° TS

U = Energy needad Lo F = Energy needed 1o Creale

create a system a systerm minus the energy
provided by the environment

Gibbs
Enthal
H ey G Free Energy

H="U*"pV G=UpV - TS

H = Energy needad to create | G=Total energy to create a

a system plus the work system and make room for

needed to make roomfor it it minus the energy provided
by the environment




Available Work Under Constant T, P

External Work, W

T

A Thermodynamic Device (Engine)
with Internal Chemical Reaction

//Reactant;\ . . //F;roducté\\
\_ atTo Py / Isothermal and isobaric  atTe Py

R - environment at Ty, Pg e

H Reactants (To y P() ) — H Products (To ’ Po ) + Qrev +W dS (TO ! PO) = SReactants (TO ! I:)0 ) o SProducts (TO ! I:)O ) = _AS (TO ! PO)
— I erev _ Qrev
TO

W=H Reactants (TO d I:>0 ) —-H Products (TO d I:>0 ) o Qrev

=—T,AS(T,, P,
AH(.P)-Q Qe (To. Py)

rev

d W =-AH (TO’ PO)_ Qrev
ds(T,,P,) =$— = —AH(T,,P,)+T,AS(T,,P,)
° :_AG(TO’PO)



Enthalpy of Reaction

Heat of reaction STP (standard temperature & pressure)
dH = TdS + Vdp is defined as thermodynamic quantity

B B , at 298.15 K (so—called room
< dH = TdS = dQ (heat of reaction) temperature) and 1 bar (or 1 atm). All

= dU + dW for p=const the thermodynamic potentials defined
at STP are tabulated as reference,
often denoted with superscript 0. (e.g.

For general reactions (molar based)  AHY)
aA + bB —> mM + nN
Ah,, =1 mAh(M) + nAh(N) } = { aAh(A) + bAh(B) }
similar for entropy: As,, = {mAs(M)+nAs(N)}—-{aAs(A)+bAs(B)}

Temperature dependency

: \ 30 S .- T e, (T)
.ﬁfe‘f — .-"_""uil-!f + "'p'-_TJf*JT 5 — _L-c[' - b -";JIT
T

Th T



Gibbs Free Energy

Lab environment (p=const, T=const)

Among four thermodynamic potentials,
Gibbs energy difference drives the
spontaneous chemical reaction

Reaction:

A& B

Extent of a reaction &: amount of
substahce that reacts from A to B and
vice versa dé=—dn,=dng

AG=0 reaction is in Equilibrium
AG<0 reaction is in Forward direction
A0 el fion e i Bockwad dicc o

Gibbs energy, G

dG,, <0
dG =dH —-Td5
AG=<0
\‘ AG=0
I
AG=0

Extent of reaction, &



Gibbs Free Energy

Gibbs Energy: potential under constantp & T
G =H - TS by definition
& dG =dH - TdS - &dT
< Ag = A h-TAs (can be found from tables.)

Electrical work
dG = d(U+pV) = TdS — SAT
= dU = TdS = SdT + pdV + VUl
usedU = dQ-dW = d(TS) — dW

= SdT + TdS — (pdV + dW,,)

& dGG = - dW
U\ UVVolac

< Weiee = A0y,
This is valid for any T & p not—changing through reaction

Voltage of electric work
W,..= EQ = EnF
F: Faraday number, n: number of electrons involved in reaction
S E =-Ag/nF



Gibbs Free Energy

Dimensional E:_AG
analysis nk

, .. J/mol,
Units: Volr = mol . C

mol, mol _

]
(k) 4
(g |

1 f
HQ-I—HC)QIHQO [ A L

has a Gibbs free energy change of -237 kJ/mol under standard state con-
ditions, for honid water product. The reversible voltage generated by a
hydrogen /oxvgen fuel cell under standard state conditions is thus:

Ag°
- nF
(—237,000 J/mol)

mol e — (96400 =)

mal reactant

-
~ 193V (2,56

EY =

[
. |
=2



Stgndard Electrode Potential

N\

L

Electrolyte (eg. H,SO,)

Electrode A L

electralyte T x
CiCCl <

OV H,on Pt
The H, reaction is
defined as the
reference, other half
cell reactions are
measured with
respect to the H,
reaction.

Cell potentials of most
reaction are tabulated
from reaction energy.

ECeII = ZEhalf—reac’[ions

Lit e~

2H,0 4 2e~

Fe*t 4+ 2e-

COs +2HY + 2e~

— JH+ + 26—

COy +6HY 4 6™
302 + Hy0 + 2e”
O, +4H" + e
H,O, +2H* 4 2e~
Oz 4+ 2HY + 2e~
Fr + 2e~

Li

Hy +20H-
Fe
CHOOH (aq)
H,

C'H,OH + H,O
20H-

2H,0

2H,0

Oy + HO

2F~

-3.04

-0.583

-.440

-0.196
+0.00
+0.03
+0.40
+1.23
+1.78
+2.07
+2.87



Standard Electrode Potential

Full cell potentials are obtained by summing half-cell

potcntials

Electrode A

electrolyte H, on Pt

Electrode A

H. on Pt clectrolyte

electrolyte

Electrode B

Electrode B



Standard Electrode Potential

Hydrogen fuel cell

Hy — 2H* + 2¢- EO = _0.000
- %[Ug +4dH* +dem — 2H,0) E" = +1.229

Direct methanol fuel cell
_ 5 Sin
Cng'()H T H(}-_} — ('()q + EHQ(}

CH3OH + HyO = COy+6HT + 6~  EY = -0.03
5(O2 +4H™ +4e” = 2H50) EY = +1.299

CH3OH 4 505 — C'Oy+ 2H50 EY = +1.199



Standard Electrode Potential

Question:
What is the reversible voltage ol the same reaction if OH™ 1s
the circulating 1on?

H, +%Oz — H,0

H,+20H —>2H,0+2e E=-(-0.83)V
I "E=123V
502+H20+2€_ —20H" E=+040V |

Answer: The circulating 1on does not determine the voltage.

The overall reaction AG_,, = -nFE sets the reversible

voltage. So E —1.23 V for this reaction as well.
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Standard Potential (V)

Temperature Effect

Temperature (°K)
300 400 500 600 700 800 900 1000 1100 1200 dG =-SdT +Vdp

1.30 -
(d—G) =—S forconstp
dT /,

1.25 CH,0OH

1.20

1.15 M) =—-AS (Ag =-nFE)
dT )

1.10
d_Ej _Abs

h dT ), nF

1.00

AS

0.95 ET - E"'EE'(T _To)

0.9 -

|
100 200 300 400 500 600 700 800 900 1000
Temperature (*C)

As As is almost constant vs. temperature, E decrease with increasing
temperature



Pressure Effect

dG =-SdT +Vdp
de
dp

d(Ag
Mj =—Av (Ag =-nFE) Pressure also has minimal effect
.

dT :
on reversible voltage.
dE) _av
dp ). nF

aE | ADRE
b ..  nkp

j =V forconstT
.




Concentration Effect: Nernst Equation

Chemical Potential u is a measure of how much free energy of a system
changes dG if you add or remove a amount dn of substance i while

keeping the other substances, temperature and pressure constant:

dG, = ﬁdni = udn,
on

f

Combining the first Law with second law for an open system (you can
add and remove material to or from the system) — fundamental equation

of chemical thermodynamics:
dG =—=SdT +Vdp+ pdn, + pdn, + wdn, +---

for const temperature and pressure:

dG = wdn, + ,dn, + pdn, +---



Concentration Effect: Nernst Equation

Gibbs energy of a ideal gas in a closed container at const temp at
different pressures:

dG ==S5dT +Vdp =Vdp

P

dG(p)=G(p,)+ j Vidp v nRT
P p
‘3(10}:'L’F{Jc?ﬂ}er‘?:?"lni
Py

for p,=1bar as standard state pressure and p=dG/dn:

w=u" +RTIn = =u’ +RTInp

L]




Example: Available Work at Constant T

W :j pdV  pV =nRT,=const or p= nIi%/TO
Vo
Vl Vl
= [ ™o gy —nrr, [ ¥
Vo V Vo V
=nRT, Ini =nRT, in-e
Vo Py

W =—-Ag =nRT, InL nRT, Inp
Po



Nernst Equation

Consider the following electrochemical reaction

1A+bB < mM +nN

Using the definition of the chemical potential

Ag = (Muyy +Mpy) — (24 +bpg) + RT In=7—- it p“

DA Ps
Ag =Ag° +RT In p“f pg,
PaPs
(Ag = —nFE)
E=E°- I Pu pN :Nernst Equation
nF paPa

In general, Nernst Equation can be expressed as:

= EO i RT In 1—Ip;iroduct or EO _EI 1—Ial‘giroduct
nF 11 pl\:\/’ieactants nk HaVI

Reactants




Nernst Equation: Examples

Consider the hydrogen—oxygen reaction at 120C

H, +%O2 = HZO(g)

Using the Nernst Equation E1208 is calculated
RT Pu o considering
E=FE®°__"_|n — temperature effect
nF  py Po, e
E =E "‘E(T _To) ,,,,,,,,,,,

Q: At STP, how to calculate the voltage? (when water is liquid)
1
H, +§O2 = Hzo(,)

A: For pure component, activity = 1 (read the textbook). Thus

RT 1
— In

E=E°
nF Py, Py




Concentration Cell

G} H2(h.p.) = H2(I-p-)
' w From Nernst Equation:
(100°atm) RT P y
& E=E°-——In—%
s L

_8.314.298.15 10~

Porous Pt Electrolyte Porous Pt 2-96400 100

Electrode Membrane Electrode
=0.296V

Q: How a fuel cell without chemical reaction is possible?

What is the driving force?

A: Electrochemical potential will answer your question.



Electrochemical Potential

In concentration cell, concentration gradient will
drive the migration (or diffusion) of hydrogen.
Previously, we found chemical potential is:

(10 atm)

pzy”+RTh’1£zp”+RTlnp L
pﬂ (100°atm) 2

e

»"s%

O
e

Thus, high pressure hydrogen has higher N TR SR I
chemical potential. The difference in chemical Electrode Membrane Electrode
potentials generates the voltages in the cell.

More conveniently, we may use “electrochemical potential” defined as

= T ZFp :ﬂi0+RT|n p+zFg



Electrochemical Potential

At electrochemical equilibrium, the net change in the electrochemical
potential is 0. (Remember Ag=0 at chemical equilibrium)

(Zviﬁi] —(Zviﬁij 0

reactans

Reactants -




Heat Dissipation by Fuel Cells

H, = I:)Heat T P = I:)Heat +V x J
. . _ | ._ H_ -
I:)Heat_l:)in I:)L_ = XJ_(E V)XJ

B ~286,000(J /mol)
nF  2x96,400(C /mol)

1. Entropy loss

P

Therm

=T|A$|J,,

2. Internal loss in fuel cells: activation, ohmic, concentration losses

3. Heat of condensation

‘Ah

cond cond



Heat Dissipation by Fuel Cells

Example

Consider the Ballard fuel cell of Figure 11.7. What is the maxi-
mum power that can transferred to a load and what heat is generated?
What is the efficiency of the cell? Use the V-I characteristics for 70 C
but, to simplify the problem, assume that the operating conditions are
at RTP. The product water is removed from the cell in vapor form.

The V-J characteristic of the cells is

Vi =0.013 —49.3 x 107°J, (39)
consequently the power output is,

P, =V, J =0913J —493 x 107%J° W m™2 (40)

P2 S 4l o & R 3 I DR T [N, E R o

L 1ils 1Is LIIE PUWEL Lile Cell ugellvyels W g lddall per bquare InieLer ol
active electrode surface.

Tl

he cell delivers maximum power when

‘;—1;- =0.013 — 08.6 x 10767 =0, (41)

or

J=0260 A/m°. (42)
At this current, the cell would deliver 4230 W/m?2.



Heat Dissipation by Fuel Cells

If one assumes 100% reactant and current efficiencies (no reactants
are lost and all the current generated flows through the load), then the
rate of water synthesis is

o _ 9260
" gqneNo 1.60 % 10-19 x 2 X 6.02 x 10~ 26

=48 x 107%  kilomoles (H,0)s 'm~2.  (43)

Hence, the energy input to the cell is

Pin= AHN = 242 x 10° x 48 x 1078 = 11,600 W/m®.  (44)

Of these, 4200 W/m? appear as electric energy in the load, so that
11,600 — 4200 = 7400 W/m? of heat are generated.
Notice that the Joule losses inside the cell amount to

“Prouie = RintJ® = 49.3 x 1078 x 92602 = 4200 W/m®  (45)



Heat Dissipation by Fuel Cells

This is, of course, equal to the power delivered to the load because,
for maximum power transfer the load resistance must equal the internal
resistance of the generator.

The thermodynamic heat is
' : - 2

By.... =TASN =298x444x10* x 48x107° =634 W/m". (46)
* The losses owing to V. being different from Vi, amount to

Pye = (Vyey — Vo) I = (1.185 — 0.913) x 9260 = 2520 W/m®.  (47)

Necessarily,

= 0.365. (49)




Mass Balance in Fuel Cells

J= Jin — Jout :nF(‘Jin_‘]out) E,
J _
‘Jout — ‘Jin _E ;;
Y
If air at 20 mol/s is supplied to a =
hydrogen—air fuel cell that generates 1000
KA, we can find the oxygen output flux
from the fuel cell: A—
. . Current (A)
J J
‘JOZ,out — ‘]Oz,in _n—F — ‘]Air,in ><\NO2 _n—F
1000000 A
=20mol /sx0.21—- =1.6mol/s
4x96400C / mol

Here, w,,represents the volume ratio of oxygen in air (=0.21)



Real Fuel Cell Efficiency

R ——
_ [deal (Thermodynamic) Fuel Cell Voliage {Chapter 2)
Ereal = Creal X Ereal X Creal E _,i ___________________________
(AG (V) I/nF
AH E VfueI E
= = ~
E, \E\4 3
A =stoichiometric number 2 \
supplied fuel rate | Activation _ Opmie i Mas
— Keglon Region 1 ranslport
consumed fuel rate Region
(Chapter 3) (Chapter 4) (Chapter 5)

Current Density (A/ecm?) I il



Fuel Cells Stacks

Elecrolyte

Electrode

Flow Structure

Fuel

O idant

lon Flux

e

V. .y =V x NUmMber of cells
Itotal = IceII
I:)total = Itotal X I:)total = Ic:eIIVc:eII X numberOf CE”S

— x number of cells

cell



