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What are flow batteries ?7?7?

Turlock, CA

EnerVault deploys grid-scale redox
flow battery for energy storage.

Central Valley, California. June-2014

https://worldindustrialreporter.com/redox-flow-battery-connects-solar-grid/
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Introduction

What do we want to do with flow batteries ???
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How does a flow battery work ?7?7?

Two symmetric-separated halves
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More detailed look inside porous electrode

Half-cell with Reaction, advection
oxidation reaction and diffusion
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What would you do if:
You are given a battery & you are told to collect some data

J|
’
_e= Voltage, v
_ Voltage, v
-~ N
', \~~~- .
Current, i Current, i ._~~\
N
time time
Measure voltage .~ . Control Voltage
\ Z eq (t) ;
Control current .~ Measure current
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UNIVERSITY OF

ILLINOIS Warburg impedance

Sufficient Fast reaction Current variation
supporting salt, kinetics, frequency < MHz,
negligible R,; Negligible R, Effect of C4; negligible
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Warburg impedance and mass transfer

\

time

vl. advection rate
— Pe = Re - Sc

Pe =
D  dif fusionrate

neering - Hamid and Smith, J. Power Sources, 565, 232756 (2023) Slide-10



Transient experiment
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15mM Fe(CN)E~| O 3 | 15mM Fe(CN)4-
15mM Fe(CN)Z™ 15mM Fe(CN)z™
3M KCl 3M KCI
(& )
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5 mL/min

Hamid and Smith, J. Power Sources, 565, 232756 (2023)

Electrode
Current collector
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Experiment and simulations
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Experiment and simulations (cont..)

. 0.15 |
>
Z m 1'
S t/t, = 0.0057 /'
_g 0.101 , '
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o
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< 9
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Peak current ratio Peak current ratio Peak current ratio
Mean residence time FLoMT : Up to 400% overprediction
flow length T .
ty = B-UTM : Significant improvement

superficial velocity
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Why E overpredicts ZW

(€& L —
gll II? o In conventional theories “ the
diffusion length is taken as constant.

-Cmax Dcmin

1 =01
3 o Usually the pore dimension/size is
& taken as characteristics diffusion
1t : length.

1 fr=10 '
3 o At high frequency actual diffusion

-1t : length decreases considerably.

o Transient theory =<£5 is mandatory
—1t I for such high frequency operation.
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I

Frequency dependent pore-scale transport

E T (u.ci B Divci) - Fourier
transform
Valid for facile reaction F{A(®)} = A(w)
& L = Ci's (t) Da > min [1, e“g_g"

\4
V- (u'El- — DLVC_l) + ]wEL =

ci| =¢is(w)
S
V- (u'(Cl- — DLVCL) + ]wCl =0
< Transfer
function:
— _ ¢i(w,r)
C;| =1 Clor) =270
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Transfer function C(w, r) in parallel plates
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Concentration

o C provides local transient response
under pure-sinusoidal disturbance.

o At surface |C| =1 and 6, = 0.

> A Ocp = w (At)p

|Cp| = cp/cs

0 1 2 3 4 3)

Nondimensional time
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Volume averaged TF - Diffusion

1 1

Spectral Sherwood number

ES - <C_>

— b
(Sh)(w) = (

_ —(aC/on*)
~ 1—(C)

Gives Instantaneous
reaction rate

(...) and (...)s are respectively integral
averages over solution volume and
solid/solution interfaces

The Grainger College
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Volume averaged TF - advection

Advective-flux transfer function

I

5 (W) 109 40
(N) = <|u |> AT Warburg
> i - 20 %\
| | 5
(W) = —covar(u", c) — 0 ©
[ \Zj 10—2 i \ " /2;
= (us/e){c) — (u"c) — H(N”)\'\.‘ 120 &
[ 'Oc.,«“““““_ -1 -40
, Pseudo steady
Gives 10-4 | | - 60
fractional deviation in 1073 10° 103 10°

advection rate
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Hamid and Smith, J.

Nondimensional frequency

Power Sources, 565, 232756 (2023)
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Porous electrode
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Volume averaged coefficient - Diffusion

— b\ () —(dC/0n")
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Volume averaged coefficient - advection

_ _ £ (W)
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2,

current
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Frequency dependent up-scaled transport

flow

1-D upscaled model using
porous electrode theory

Y

Accounts for
instantaneous deviation
of advection rate

Hamid and Smith, J. Power Sources, 565, 232756 (2023)

Accounts for the
instantaneous reaction
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Average polarization - reactant demand
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Average polarization (over-limiting operation)
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Average concentration - reactant availability

7/t = 0.18 (transient regime)

T/t, = 9120 (pseudo — steady)
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Hamid and Smith, J. Power Sources, 565, 232756 (2023)
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Non-dimensional maps of operational space
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Reviewing the theory briefly

causes local depletion
-average reactant conc. is
less than ave. polarization

= transient .
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:{ transfer functions and volume averaging E
i A bottom-up multi-scale theory is developed _feurrent up-scaled model (N :
| : . Out e |
+  which can capture transient response of FBs. = N~ :
! time— time— !
1
: o N T : :
! . Volume averaged TFs enable direct :
R B e upscaling.
3 f f )
5 1
Compared to FLoMT, B-UTM predictions are g
. significantly close to experimental observations. £
o
e Over-limiting current is possible for short

period of time.
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