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What are batteries ???
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What are flow batteries ???
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What do we want to do with flow batteries ???

Power from 
renewable 

sources.

intermittent 
supply and 

demand 

large-scale 
energy storage 

devices 
(LSESDs)

→ Flow 
Battery
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How does a flow battery work ???

Two symmetric-separated halves



Introduction
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More detailed look inside porous electrode

Half-cell with 
oxidation reaction

Reaction, advection 
and  diffusion



Simplest experiment with battery

What would you do if: 

You are given a battery & you are told to collect some data 

time

Current, 𝑖

Voltage, 𝑣

time

Voltage, 𝑣

Current, 𝑖

Measure voltage

Control current 

Control Voltage 

Measure current
𝑍𝑒𝑞(𝑡) 
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Equivalent circuit models
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𝐶𝑑𝑙

𝑅𝑐𝑡

~

Warburg impedance

Sufficient 
supporting salt,
negligible 𝑅𝑠𝑜𝑙

Current variation 
frequency ≪ 𝑀𝐻𝑧,

Effect of 𝐶𝑑𝑙 negligible

Fast reaction 
kinetics,

Negligible 𝑅𝑐𝑡

What 
is ෨𝑍𝑤
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Warburg impedance and mass transfer
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𝑅𝑒 ≪ 1

𝑃𝑒 =
𝑣𝑙𝑐

𝐷
=

𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
𝑃𝑒 = 𝑅𝑒 ∙ 𝑆𝑐
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Transient experiment
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 tank
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Experiment and simulations
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Experiment and simulations (cont..)
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Mean residence time

 𝑡𝑟 =
𝑓𝑙𝑜𝑤 𝑙𝑒𝑛𝑔𝑡ℎ

𝑠𝑢𝑝𝑒𝑟𝑓𝑖𝑐𝑖𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦

FLoMT : Up to 400% overprediction

B-UTM : Significant improvement
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𝐿

𝑐𝑚𝑎𝑥 𝑐𝑚𝑖𝑛

Why          overpredicts ෨𝑍𝑤
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/𝑐

𝑖,
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0 1𝑥/𝐿

𝑓∗ = 0.1

𝑓∗ = 10

𝑓∗ = 1000

o In conventional theories     the 

diffusion length is taken as constant.

o Usually the pore dimension/size is 

taken as characteristics diffusion 

length. 

o At high frequency actual diffusion 

length decreases considerably.

o Transient theory            is mandatory 

for such high frequency operation.
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Frequency dependent pore-scale transport

𝜕𝑐𝑖

𝜕𝑡
+  ∇ · 𝒖∎𝑐𝑖 − 𝐷𝑖∇𝑐𝑖 =  0

ቚ𝑐𝑖
𝑠

= 𝑐𝑖,𝑠 𝑡
Valid for facile reaction

𝐷𝑎 ≫ 𝑚𝑖𝑛 1, 𝑒𝛼
𝐹𝜂
𝑅𝑇
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∇ · 𝒖∎ ҧ𝑐𝑖 − 𝐷𝑖∇ ҧ𝑐𝑖 +  𝑗𝜔 ҧ𝑐𝑖 = 0

ቚҧ𝑐𝑖
𝑠

= ҧ𝑐𝑖,𝑠 𝜔

Fourier 
transform

ℱ 𝐴 𝑡 = ҧ𝐴 𝜔

∇ · 𝒖∎ℂ𝑖 − 𝐷𝑖∇ℂ𝑖 +  𝑗𝜔ℂ𝑖 = 0

ቚℂ𝑖
𝑠

= 1

Transfer 
function: 

ℂ𝑖 𝜔, 𝒓 ≡
ҧ𝑐𝑖 𝜔,𝒓

ҧ𝑐𝑖,𝑠 𝜔
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𝐿

𝑐𝑚𝑎𝑥 𝑐𝑚𝑖𝑛
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𝑐𝑃

𝑐𝑠

o ℂ provides local transient response 

under pure-sinusoidal disturbance.

o At surface ℂ = 1 and 𝜃ℂ = 0.

𝑐𝑃
𝑚𝑎𝑥

𝑐𝑠
𝑚𝑎𝑥

ℂ𝑃 = 𝑐𝑃/𝑐𝑠

Δ𝑡 𝜃ℂ,𝑃 = 𝜔 Δ𝑡 𝑃

Transfer function ℂ 𝜔, 𝒓  in parallel plates
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Volume averaged TF - Diffusion

…  and … 𝑠 are respectively integral 

averages over solution volume and 
solid/solution interfaces 
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Spectral Sherwood number

Gives Instantaneous 
reaction rate

෪𝑆ℎ 𝜔 ≡
𝑏

𝐷

ҧ𝑗 𝑠

ҧ𝑐𝑠 − ҧ𝑐

=
− Τ𝜕ℂ 𝜕𝑛∗

1 − ℂ

Pseudo steady

Warburg
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Volume averaged TF - advection
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Advective-flux transfer function

Gives
fractional deviation in 

advection rate

𝑵 ≡
𝜀

หȁ𝒖𝑠

𝑾

ҧ𝑐𝑠 − ҧ𝑐

𝑾 ≡ −covar 𝒖∎, 𝑐

= Τ𝒖𝑠 𝜀 𝑐 − 𝒖∎𝑐
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Porous electrode
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𝑃𝑒 ≲ 1 𝑃𝑒 ≫ 1

𝜀 = 0.546

Mimics carbon fiber electrode
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Volume averaged coefficient - Diffusion

෪𝑆ℎ 𝜔 ≡
𝑏

𝐷

ҧ𝑗 𝑠

ҧ𝑐𝑠 − ҧ𝑐
=

− Τ𝜕ℂ 𝜕𝑛∗

1 − ℂ
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Spectral Sherwood number:
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Volume averaged coefficient - advection

𝑵 ≡
𝜀

หȁ𝒖𝑠

𝑾

ҧ𝑐𝑠 − ҧ𝑐
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Advective-flux transfer function
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Frequency dependent up-scaled transport

𝜀
𝜕 𝑐𝑖

𝜕𝑡
+ ∇ ∙ 𝒖𝑠 𝑐𝑖 − 𝒖𝑠  ∇ ∙ ℱ−1 𝑵 ҧ𝑐𝑠,𝑖 − ҧ𝑐 𝑖 =

𝑎𝐷𝑖  

𝑠𝑖𝑏 
ℱ−1 ෪𝑆ℎ ҧ𝑐𝑠,𝑖 − ҧ𝑐 𝑖

1-D upscaled model using 
porous electrode theory
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Accounts for 
instantaneous deviation 

of advection rate

Accounts for the 
instantaneous reaction 

rate
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Average polarization (over-limiting operation)
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Average concentration - reactant availability
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Non-dimensional maps of operational space
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Reviewing the theory briefly
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-region for under-limiting 
current operation
-region for over-limiting 
current operation
-non-uniform polarization 
causes local depletion
-average reactant conc. is 
less than ave. polarization
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Conclusions
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A bottom-up multi-scale theory is developed 
which can capture transient response of FBs.

Volume averaged TFs enable direct 
upscaling.

Compared to FLoMT, B-UTM predictions are 
significantly close to experimental observations.

Over-limiting current is possible for short 
period of time.
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