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London ( Vanadium based RFB
* Vanadium / halide

Vanadium Redox A'no);"’;ga\j’("l‘l’)”; (/ ler/ )
Flow Battery (VRFB)

\& 2/
wind/pv Z 5
f Advantages

power load
station

« Scalability and flexibility

y7a : - grid * Independent sizing of power and energy
« High round-trip efficiency (>80%)
T ; * Depth of discharge
icharge>01 ! discharge™0 « Long cycle life (>12000)
+ v Y  Fast response

RF-cell &Reduced environmental impact /

f Disadvantages ;;

« Low specific energy density (~30 Wh kg')

* Limited operating window (10-40 °C below
2 M)

* Electrode and membrane degradation

» Shunt currents

« High capital cost ($150-$1000/kWh)
&Vanadium electrolyte ~40% total cost /

ion exchange
membrane

electrodes

Alotto et al., Renewable and Sustainable Energy Reviews, 2014, 29, 325-335; V. Yufit. et al., Journal of The Electrochemical Society, 2013, 160, A856 2
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Regenerative Hydrogen-Vanadium Fuel Cell
(RHVFC)

/‘1\ -- 0.55
Load / Power generator :
- T 0.45 -
s dgs &
S 1o 2
Vanadium é’o . g
;3 + 025 _E_‘
T 0.15 &
\__/
1 005
Pump . ]
08 | Current Density| (A/cm?) = 005
« Fast hydrogen kinetics P .
- Absence of cross-mixing « Carbon nanotube electrode
. Precious metal catalyst — HOR/HER * NR212
« Expertise on PEMFCs | SGL 35 BC GDL, 0.48 mg Pt cm2 |

V. Yufit. et al., Journal of The Electrochemical Society, 2013, 160, A856; Regis P. Dowd Jr., et al, Journal of The Electrochemical Society, 2017, 164, F564. 3
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Unit cell model for the VRFB

PN Load / Power i
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VO*'/VO," h 5 < :g s B s Vv
Tank g 3 5 o H E Tank
o 9 o 1
(1) B 2 |Z| ¢ P & | 5)
- J 3 B & Od |\ J
] /
2 w2 lm\ P Lon // w
PN \ /
Cathode  Anode
Pump channel channel Pump
Cathode: Anode:
+ + _ discharge 24 0 24 discharge 3+ _ 0
VO, +2H,0"+e —)‘WVO +3H,0, E. =0.99V V <—Trge>V +e, E. =-0.26V
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V(I1), cell - charge
Model summary wan cr-cne
900 | V(Il1), cell - discharge
® — — — V(ll), tank - charge
g ~ E 800 — — = V(lll), tank - (?harge
Mass conservation E 700} ) e dchanse
- - § 600 |
r “ % 500 |
Equilibrium potential S w0
N g 300 r
( ] j j ) 200
Electrochemical kinetics I
~ ~ 0 10 20 30 40 50 60 70

Time, min

Mﬂ Cell

2
RT Cca (Cca ) CaIZ'l Can
_ 0 + + + 4
Eeq - Ecell + F ln V0, ca i n v I;Ia F;/
(1 - a)Fnca Cyor Cyee H*
\ - c RT /
...
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Model validation with literature data

20 T T T : =
7 0D model - char — — — 0D model - +ve charge
oD odel Z 2 se ) 0D model - -ve charge
16 e e':'c aroe 10 0, @@) 1 O 2D model You(2009) - charge
or e 66 an one a9 O 1D model Chen(2014) - charge
~
* ExpData- charge 400 A/m2 > T _L@'_@_@_ -—— " & 3D model Qiu(2012) - charge
%  Exp Data - discharge 400 A/m2 € 0r b
1.5 O 2D model You(2009) - charge -
> O 2D model You(2009) - discharge 3 10k
e O 1D model Chen(2014) - charge %
z 14r1 O 1D model Chen(2014) - discharge §_
2 { 3D model Qiu(2012) - charge o 201
3,5l & 3D model Qiu(2012) - discharge 3
8 .é -30 1
1ol 140 mV of R q
. g 5
correction < 40 ¢ -
11+t factor
-50
1 L L L L 60 , I I ‘ o
0 20 40 60 80 100 0 20 40 60 80 100

SOC, % SOC, %

¢,=1500 mol m-3, c,.s= 5000 mol m-3, V=30 mL, j= 400 A m?, Q,=60 mL min-'

R
D. You, et al. Electrochimica Acta, 2009, 54, 6827; C. Chen et al. Electrochimica Acta, 2014, 120, 167; G. Qiu et al. Electrochimica Acta, 64, 2012, 46. 8
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Unit cell model for the RHVFC

== Load / Power -7
Crorging =] Source  Je..... le
; S

| i S Expander
| : € D1scharg1ng; |
A LV v
< > ]
= Ia Hl@|
A (@B ) —
=
e ~N 5 3 o B
- = sl = o H
2+ + h s 3 s = g ] © 2
VO ' /VO, S o) g 21 & o Tank
Tank s 2 |2l €2 B |
(1) Ed £ [Pl S E |
- J O 5 EBE © |-
] //
2 /tm\ tc}x lepL / w
Y ‘\\() <7 7 >4F /
X Cathode Anode/
Pump channel cha(tg)nel Compressor
Cathode: Anode:
2v0;+4H30++2e-—>(‘“:‘%2VOZ++6HZO, E. =0.99V H2+2H20%2H30++2e-' B =0V

Pino Mufioz et al., Journal of The Electrochemical Society, 2017, 164, F1717 9
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Model summary

Open circuit
potential

Charge

Mass
balances

/- Recirculation
* Redox reactions
« Diffusion and convection

» Evaporation

* Ads/des, EO drag and diffusion

.

conservation

Electro-
neutrality

Energy
balance

* Overpotentials

e Ohmic resistances

Assumptions
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Cell \
2 05
CynnCo, c Cathode
E =£E° _|_RT In VIV H ,casz c . dc dc
eq cell F . . Vo? VO H* HSO SO,
CyavyCyr c Open circuit + + - -2 =0
an ’ potential dt dt dt dt dt
Anode
4 L Electro- c..t+2z.c, =0
conservation neutrality , /
/ Anode . [ Ecell EOCP - 77ca +|77an|—770hm ]
H ,CL Ac J .
Voo (15 ) dr =% 2;- 1y e
Cathode balances ﬁ balance
dc - A j
VO — " ca
gcallca d _Qca( VOZ CV02+)+ F
Anode

" w v BV _ BV C;OQ
L= rz(0}) exp(prn,)-B(1-0 Jexp(-(1-p)rm,,)) " =ik || 2=

des

11
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Hydrogen side

Membrane A, N

CL GDL Anode

| v \~ channel
| 3 |
) ! Ay, GDL > E

. , .

Dissolved water transport J ' | e TnHszt 5!
L I > i 0!
[P v,GDL > 2!
| — )
, 2 3!
Dusty Gas Model J 5 anv,CL anv,CH ‘éi
L ! g
N Tﬁdes S!
. . L0 | :
Evaporation/condensation J o !
> ||
A, 0UT
Charge operation Py, 0UT

— +ve transport
1 +ve generation

ERRRRRRRRRRRRRRRRRRRRR__NNNEEEEhEEhhhh————————
12
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Parameters

0 0 0 0
[Ci P A S

Initial

conditions

Operating
conditions

Geometrical &
material
parameters

Electrolyte &
mass
transport
parameters

Kinetic
parameters
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Open Circuit Potential

1.25
o
1.2t ’
o
15l RMSE-1% o —~
+ o 27 2
il -~
> 1.1 e i
~ /. /'/
6 ./ — - \
S 105t / e RMSE=5%
/o
. /7
o/ ©  Experimental data
S NE
095+ 3
— — —CNE(c}r )
0.9 ' ' ' '
0 20 40 60 80 100
SOC (%)

{ Nernst Equation (NE) }7

.5
E EO RT ln { CV(V) C:[+ ,ca pgz J
F

cell C C
V(V) " H* ,an

*{ Complete Nernst Equation (CNE)}*

2 0.5
E _EvOll RT II,I{CV(V)CH+ capH CH+,caJ
ce F

CSYalutan CH*an
@
Donnan potential AT
across the membrane E = F —-In
H' an

(dialysis potential)
Inconsistent with
thermodynamics

Pino Mufioz et al., JES, 2017, 164, F1717; Knehr & Kumbur, Electrochemistry Communications, 2011, 13, 342, Pavelka et al., J.of Power Sources, 2015, 293, 400 16
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Electrochemical potential
of species i

Equilibrium
~ Ca ~ Ca ~CP __n ~ca ~ Ca ~an ~an ~P
2fhyg Ty F 2T =2 o 2y Ay =20 + 201"
[ Cathode reaction [ Anode reaction J

(¢ ¢) VO+ 'UH+_'U‘02+_IUH0_IU+ %ﬂ;j+[1:'(¢ca_¢an)] Cell

Donnan potential
across both interfaces E> FES =F (¢Ca — ¢ ) =ph — i
(dialysis potential)
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London
a=y.c.
Chemical potential of
Equilibrium species i
ca ca 2 an Lo i _
E =F + ﬂ In avo; - aHz . Thermodynamic
ocP ~ el F X derivati
ca ca aan ca erivation
Vo2t HZO Ht yt

¥

Potential difference
between electrolytes

19
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Complete Nernst Equation

Nernst equation Fy

1) 1)

2 0.5
ca ca g ca _.ca _
r = +RT In Cyor (CH+) (sz) C;f Vyor Vi Thermodynamic
- X X . .
ocr cell F ca an ca ca derivation
vor Tt CH+ Y Vo

n

Potential difference
between electrolytes

RT |[c’
ca an=_1n H
g2 [m]

C
H
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[ All ionic species in reaction ]

Complete Butler-Volmer equation for cathode

s
]-BV . ]-BV CV02+
~ J0,ca b
c 2+
Vo
. BV -’ %
]O,ca o ca Vo*t

exp

aa FT?CH
RT

e )" v

C

Y

s

C
VO;— H+
b b
c
05 HY

<

rotons concentration

2

exp

_aC FUCH

RT

y
y
v
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Experimental data
RHVFC

Cell 1 2 3
Area 25 cm? 5 cm? 5 cm?
Cathode SGL 10AA, 400 um, untreated SGL 10AA, 400 um, untreated Freud;argzi—:-erg 23%)?(’) 2 (;,06“:; , heat
Anode Alfa Aesar, 200 pm, 0.5 mg cm2 Pt SGL 25BC, 235 pm, 0.2 mg cm2 Pt SGL 29BC, 235 pum, 0.3 mg cm~2 Pt
Membrane Nafion 117, 183 um Nafion 117, 183 um Nafion 115, 127 ym
Flow channel Multi-channel serpentine Single-channel serpentine Single-channel serpentine
Catholyte 1M VOSO;, in 60 mL 5M H,SO, 1M VOSO, in 60 mL 5M H,SO, 0.75M VOSO, in 60 mL 5M H,SO,
Current density 50 — 600 A m2 1000 & 2000 A mr2 500 — 1500 A m2
Catholyte flow rate 100 & 150 mL min-! 77 mL min-t 50 & 100 mL min-*
Hydrogen flow rate 50 & 100 mL min-* 100 mL min- 100 mL min-!

Tests

OCP, ch-dch, polarization

dch, polarization, RE

OCP, ch-dch, polarization

H. Hewa Dewage, Imperial College London, 2016

22
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Experimental data
RHVFC

T T T T T T T 300
0 5cm? cell, 50 mL min”'
T4 A 5em2 cell, 100 mL min™
AAAAAAA
i) AD A 250
A A
| oA AL
1.2 o AA A A
u] AA A
g P4, A8 200
0 - YNUN
[m]
1k o AN pooO0og
o A AEDD o
DDA DD AA DD
ADEDE‘ AAA 1150
A o DD AAA
0.8 ADD 0L AA
Ag o, AL
An oq A 71100
AD o A
[m]
0.6 GD o A
& "q A
& o, 50
J=Y o5
0.4-0
ﬂ I | 1 1 | 1 1 1 0
0 50 100 150 200 250 300 350 400 450
2

Current density / mA cm ~

Power density / mW cm 2

Open circuit potential / V

Cell potential / V

13 . . . . . .
125
12F Mﬁ"’ i
115 & E
Qu%(a:'%
11 cgg,cuoao: ,
1.05 ﬁ ,
e
1 f@ 00 5cm?cell B
‘% A O DO 25cm?cell
0.95 i O 131cm?eell -
O 5cm?cell
0.9 . . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100
SOC (%)
15 T T T T T T T T
1500 Am2— 3 300 A mi2 » 100 A m?
1.4 I b
1.3 1 |
,/"u
12 /\ .
115 S~ 8
s i
09 b
08 l i
0.7 H _
0.6 _
0.5 *
2 -
04l 5cm?, 50 mL min |
03 1 1 Il 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Time/h

450
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Experimental data
RHVFC

Cell 3 AVIZO TauFactor
Area 5 cm?
Cathode Freudenberg H23, 210 ym, heat treated (500 °C, 6 h)
Porosity 0.848 0.850
Specific P 53
surface area 68.9 uym? pm 73.8 ym? pm
Mean pore .
diameter e/t I
Mean fibre
diameter 13.50 pm o
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Open Circuit Potential

{ Thermodynamic derivation of CNE

J

RT Cca (Cca )2 (pg )0'5 an
0 + & H, C .
Epep=Ecq t Tm L. x

X
ca an ca F;’
Cv02+ CH+ CH+
1.3 T T T T T T T T T 120 T T T T
o 2 le) 2

5 cm® cell 25 cm?” cell —6—5¢m2 cell - 0.72M VO2* G

CNE, F fitted CNE, F fitted 5 o
1251 ] —O— 25 cm? cell - 1M VO

— — —NE,Fy=1 — — —NE, Fy =1 100

Open circuit potential / V

80

0 10 20 30 40 50
SOC (%)

60 70 80 90

100 0

Pino Mufioz et al, Journal of The Electrochemical Society, 164 (14) F1717-F1732 (2017)

20 40 60 80
SOC (%)

100

25
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Model calibration

1.4

~[ Model implementation }

1.3 ¢

1.2 ¢

« MATLAB
» ode15s - solve ODE problem

. T RMS]1_5'4% « Isgcurvefit > curve fitting, Ib & ub
-C:E L1 RMSE=3.6%

g

I { Fitting parameters ]

0.9 - Standard rate constant of cathode > k2,

« Nernst diffusion layer thickness > &

0.8 f —9— Experimental data . ) )
Model « Additional Ohmic resistance (contact) > R
0.7 : ' - : :
0 0.5 1 1.5 2 2.5
Time / h

[ Cell 1: 25 cm?, j= 400 A m?, Q,=Qu,=100 mL min™’ ]

Pino Mufioz et al., Journal of The Electrochemical Society, 164 (14) F1717-F1732 (2017) 26
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Charge-discharge: vary flow rate

1.4 1.4
(a) (b)
1.3+ 1.3}
1.2+ i 1.2 ¢

T

RMSE=1.4%

T

RMSE=8.8%

- 1.1 l - 1.1 i
E : RMSE=4.4% TE : RMSE=6.1%
g |5
g 1t s 17 T
[a W a8

09 0.9 r

0.8 - ——0—— Experimental data 0.8 f ——0—— Experimental data

Model Model
0.7 ' ' ' ' ' 0.7 ' : ' ' '
0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
Time / h Time / h

[ Cell 1: j= 400 A m2, Qy=100 mL min', Q=50 mL min ]

[ Cell 1: j= 400 A m2, Q=150 mL min’', Q=100 mL min’’ ]

Pino Mufioz et al., Journal of The Electrochemical Society, 164 (14) F1717-F1732 (2017) 27
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Charge-discharge: vary current density [ 2dm™sen

Crossover
1.4 r - . 1.4 . 1 Anode flooding
@) (®) Spatial effects
1.3} 1.3} S
12+ RMSE=3.8% 12}
. . > T RMSE=3.8%
~ 11t T oo ~ 1.1 RMSE=1.4%
=R RMSE=0.3% b=
[} Q
s Iy s Iy
& &
09 09}
0.8  —9— Experimental data 0.8 f —9—— Experimental data
Model Model
0.7 ' - - 0.7 - - -
0 5 10 15 0 0.5 1 1.5
Time/h Time / h
[ Cell 1: 25 cm?, j= 80 A m2, Qy=Qu,=100 mL min"! J [ Cell 1: 25 cm?, j= 600 A m?, Q,=Qu,=100 mL min™’ J

Pino Mufioz et al., Journal of The Electrochemical Society, 164 (14) F1717-F1732 (2017) 28
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Species evolution in cathode

charge discharge charge discharge
1200 : ; : 4 — - : 7.5
1040 L yn2t B b )

o (a)1035\ : Vo g 38¢ ( ).<_ IS

! \ o + - Oor == T —

L S : , .
g \ —=2 /N / o 36 N SO% =
g 0 002004 . " = / 4 —_
- \ /0N / — ;o \ . o
g 80t \ /N / T 34t SN T oow {7 E
g \ 2 / -2 R HSO, =
=i \ / : \ / £ 32¢ / \ | =
8 600} \ 5 \/ 5 y 5 A S
= / : ‘ S 3t 2 \ B
3 ,>‘\ 5 /X\ 5 / : \ £
+ / : \ o -

o' 400} SN : AR w28 ) P \ les 8
> / : ) / 2242 i \ 5
2 / \ : / \ 7! / ' i 51
+ / \ \ & 267 2241 [ 7= ..’ \\ -
S 2000 \ / \ R 1325 133 13.35 =
/! 1 Q 24}
> y \ i/ \ Z .
, s | | - Y
0 22 : : : 6
0 5 10 15 20 25 5 10 15 20 25 30
Time /h Time /h

Cell 1: j= 50 A m?, Qu=Q»,=100 mL min’’ ]

.
C. Pino Muhoz, Journal of The Electrochemical Society, 164 (14) F1717-F1732 (2017) 29
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Species evolution in anode

e
»

e
[
%

Vapor gas concentration in CL (¢, cp)/ mol m™

e
w
=

0.36 |

charge discharge
£ ' : T g 413
(a) _____ cv,CL
— — —nc
_____ _l e
i 141.25
0.355( |
___________ 035
< I 13205 133
i
' ' 412
10 20 30
Time/h

0.28

2,

0.26

H, gas concentration in CL (¢; )/ mol m™
Liquid saturation in CL (8cp)

0.24

charge discharge
(b) . el
g — = a
——————— -
l
F ______
NI
0259[ mr=rmmem- L -
0.2585 :
0.258
2 4 6
%107
10 20 30
Time/h

Cell 1: j= 50 A m?, Qy=Qu,=100 mL min”’

14

113.5

13

Water content in CL ()\CL)
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Charge-discharge

14 5
131
121 e ]
Fitting parameters ]
>
g M « Standard rate constant of cathode = kga
Q
2 ¢ « Specific surface (active) area of cathode > S5
[0
° « Standard desorption rate constant of anode - kges
0.9 4
o « Electronic conductivity of current collectors - occ
| © Data-100 Am?, 100 mL min™
08 O Data-100A m'2, 50 mL min™
Model
0.7

0 5 10 15 20 25 30 35 40 45 50
Time/h

[ Cell 3: Q=50 & 100 mL min', Qy,=100 mL min’ J

ERRRRRRRRRRRRRRRRRRRRR__NNNEEEEhEEhhhh————————
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IS)
o
: 8
arge-discharge |
09Ff H d
B
o
©  Data-200Am?2 100 mL min” =
081 4 2 ,_1 o
Data - 200 A m™, 50 mL min
Model o
(n]
0.7 1 1 L 1 1
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Time/h
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z 1.3 F 1
]
c
2
8 12F 1
3
o >
: 1-1 | - -
09 r _g
15
? 8
sl ©  Data- 100 Am™, 100 mL min™* | = 17 1
' O Data- 100 Am?, 50 mL min' o
Model
09+ J
07 1 1 1 1 1 1 1 1 1 1 O
0 5 10 15 20 25 30 35 40 45 50
Time / h O Data- 1000 Am™, 100 mL min”" o
0.8 2 p o
O Data- 1000 A m™, 50 mL min 9
Model %
. = I | = ra-1 0.7 L I 1 1 L L 1 L L
Cell 3: Q=50 & 100 mL min™", Qy,=100 mL min o 05 1 15 2 25 3 35 4 45 5
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Polarization curve

1.4 T T T T T T T T 3000
1.3
12500
1.2
(o]
1.1
- 2000 C}IE
Z emeac =
g | >
3 09 11500 ‘@
Q o]
Q °
% —
3 0.8 g
41000 &
0.7
0.6
O Dpata-100 mL min”' © 7500
05+ f O Data-50 mL min™ o
- Model
0.4 1 1 1 1 1 1

1 1 0
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Current density / A m 2

Cell 3: 100% SOC, Q=50 & 100 mL min', Q=100 mL min-'
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Polarization curves — reference electrodes

. , - 1'6 L e Data i
E. 'i:. H S e Model - OCP

Model

T T T T T T
.g-—-t-----v.....E----E.....E...-.g---t.r--":g‘--.-g.’--.-:s'--.-l\---. s,..-.--:s..uu oreeny utiy greem Lov
1.15F i t t ] i B
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-
~

-
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T

o
©
T

0.95 -

Cathode potential / V

o
[e>)
T

09r

Anode & membrane potential / V

o
~
T

0.85

0'8— .......... MdI_OCP T N - : F F F ; E ;
oce e p EEEEEELL

0.75

<
o

1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 0 200 400 600 800
Time /s Time /s

Cell 2: 50% SOC, Q=77 mL min™!, Qu,=100 mL min’’ ]

N ————————————————————————
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Polarization curves — reference electrodes

1.2 . :
---------- D t
S —— e Maa |
: EH odel - OCP
1.15 k 1 Model
i EE 14
1.1 1
212 Anode or
1. s
_ 105 £ membrane
5 g 1T phenomena
c 1r 2
9 C
g 8
08
S 095 5
2 £
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8 06
09F g
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<<
085 %4
---------- Data
L A 02
08 .......... Model - OCP
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075 1 1 1 1 1 1 0 h 1 1 1 1 1 1
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Cell 2: 50% SOC, Qy=77 mL min’!, Qu>=100 mL min™’
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Polarization curves — reference electrodes

Potential Power Potential Power
dote " Model T VT Model 3;’; 1l Model data Model
Cell (o) V) Cell o o
Cathode a _— Cathode o —
Anode & membrane A — Anode & membrane A —
1 4 T T T 1 .4 T T T T T T 4500
13500
4000
3000
3500
2500 3000 «
€ €
> = > =
= 2000 3, = 203
ol = © =
= B =
s 5 s §
g ° g 2000 2
(5]
1500 g 3
o o
o 1500 &
1000
1000
500
500
0 Il 1 1 Il Il Il 0 0 L 1 1 1 1 1 1 0
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Current density / Am 2 Current density / A m 2

Cell 2: 50% SOC, Q=77 mL min™!, Qu,=100 mL min’’ ] [ Cell 2: 100% SOC, Q=77 mL min', Qu,=100 mL min’
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2D continuum model

Load / Power

"

Expander

Tank

Current collector

|
I Source
|
|
N o
g B -
(<P]
g £ g5 =
V02+/VO + = =2 - =
2 S ) -g = g
Tank g = g = &
= g |=|5] =
= =3 ®) g
(@) @) (&)
I
X3 X4 X5

X6 | X7

Compressor

Finite volume method

41

1
(F -n)dS = ﬁfz udxdy
ij ij
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2D continuum model

- - Load / Power —_——-
Source

Expander

{Model implementation ]7

Tank * Visual Studio C++
* Semi-implicit FVM

vVO*'/vVO,"
Tank

Catalyst layer
Current collector

Gas diffusion layer

Current collector
Cathode electrode

* CGM optimization

X3 X4 X5 Xg|X7y

y[ —
—@Pump Compressor
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RT RT

Model summa 4 G (aFma) (Gor\ (A ) (—acFha
Yo [l ()~

CV02+ CVO;» CH+

V-r=0 ](])SV = chacgco2+ (CVO;C?{+)aa Neca = ¢s - ¢e — Feca
2 3 Redox
v=— a £ - kinetics /
KCKlu (1 —6‘)

Continuity &
Momentum
conservation

Redox
equilibrium

2

RT . [ €yunC?
:EO 4 11’1( V(V) " H ,ca.F*J

CATHODE ca ca F c 7
D =0 MODEL vav)
k = [VO**, VOF, HT, SO7~, HSO;]
Electro- Species
neutrality G conservation
c%ck
V.- Ng =-5
ot + k k

Charge

conservation k = [VO**, VOF, Ht, SO}, HSO; |

Viieg+ V- ig=0
ie = FZZka, is = —O'SHV¢S




Transfer current density / A m?2
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0.02

0.015

Preliminary
results

0.005

0
0 1 2 3 4
x/m %104
lonic potential / V x10°° Electronic potential / V
10 T 1.0748
0.02 8 0.02
1.0746
6
1.0744
0.015 4 0.015
11.0742
2
€ €
= 0 = 11.074
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Conclusions

A unit cell model for a VRFB was validated

against literature data.

A complete Nernst equation based on

thermodynamic principles was proposed and
fit to the OCP data.

A complete Butler-Volmer kinetic equation was
proposed for the cathode, considering the

effect of protons concentration.

Thermodynamic derivation of CNE
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Conclusions

* A unit cell model for a RHVFC was introduced
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* Aninitial 2D model of the cathode was

introduced.
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Next steps — unit cell models

« To better validate (anode + membrane) potential from reference electrodes
* Performance comparison of VRFB and RHVFC

« Parameter sensitivity studies
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Next steps — 2D continuum model

Expander

Distributed model for the Membrane and CL G

- -

« Cross-over of ionic species a. . 1 .
VO*/IVO," % % % T; % %

«  Dominant transport phenomena : IEREE HE -
S S | S

Overpotential contributions

Compressor
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