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The technology

Vanadium flow batteries

9kW/27 kWh VFB



HIGREEW Workshop: Flow batteries, bringing the technology to the market - 16 and 17 May 2023 Hosted by CIC energiGUNE in Vitoria-Gasteiz (Spain) 3

SOC+ = 100%

e-

+

e-

—

V(V)

V(II)

Power 
Converter

V(III)

Capacity

100 %

After N cycles

SOC— = 100% SOC+ = 100%SOC— < 100%

Positive
tank

Positive
tank

Negative 
tank Negative 

tank

Differences
➢ Volume difference between the two tanks
➢ Electroyte concentration difference

The problem



HIGREEW Workshop: Flow batteries, bringing the technology to the market - 16 and 17 May 2023 Hosted by CIC energiGUNE in Vitoria-Gasteiz (Spain) 4

Causes

Concentration 

imbalance

• Crossover of water through the membrane. 

• Crossover of vanadium species over the 

membrane.

Oxidative
imbalance

• Hydrogen evolution due to high overpotential.

• Oxidation of V(II) electrolyte due to the air

Reductive 

imbalance

• Corrosion in V(V) electrolytes accompanied 

with reduction to V(IV).

• Precipitation of V(V) at elevated temperature 

(If you look more closely, it can be also 

regarded as concentration imbalance)
M. Skyllas-Kazacos et al. “State of charge monitoring methods for
vanadium redox flow battery control” Journal of Power
Sources, 196 (20) (2011), pp. 8822-8827

Rodby E.K. et al., Assessing the levelized cost of vanadium redox flow
batteries with capacity fade and rebalancing, JPS (2020).

Capacity

100 %

CyclesN

The problem



HIGREEW Workshop: Flow batteries, bringing the technology to the market - 16 and 17 May 2023 Hosted by CIC energiGUNE in Vitoria-Gasteiz (Spain) 5

Causes

Concentration 

imbalance

• Crossover of water through the membrane. 

• Crossover of vanadium species over the 

membrane.

Oxidative
imbalance

• Hydrogen evolution due to high overpotential.

• Oxidation of V(II) electrolyte due to the air

Reductive 

imbalance

• Corrosion in V(V) electrolytes accompanied 

with reduction to V(IV).

• Precipitation of V(V) at elevated temperature 

(If you look more closely, it can be also 

regarded as concentration imbalance)
M. Skyllas-Kazacos et al. “State of charge monitoring methods for
vanadium redox flow battery control” Journal of Power
Sources, 196 (20) (2011), pp. 8822-8827

Rodby E.K. et al., Assessing the levelized cost of vanadium redox flow
batteries with capacity fade and rebalancing, JPS (2020).

Capacity

100 %

CyclesN

Changing the 
components of the 
battery

The problem



HIGREEW Workshop: Flow batteries, bringing the technology to the market - 16 and 17 May 2023 Hosted by CIC energiGUNE in Vitoria-Gasteiz (Spain) 6

Causes

Concentration 

imbalance

• Crossover of water through the membrane. 

• Crossover of vanadium species over the 

membrane.

Oxidative
imbalance

• Hydrogen evolution due to high overpotential.

• Oxidation of V(II) electrolyte due to the air

Reductive 

imbalance

• Corrosion in V(V) electrolytes accompanied 

with reduction to V(IV).

• Precipitation of V(V) at elevated temperature 

(If you look more closely, it can be also 

regarded as concentration imbalance)
M. Skyllas-Kazacos et al. “State of charge monitoring methods for
vanadium redox flow battery control” Journal of Power
Sources, 196 (20) (2011), pp. 8822-8827

Rodby E.K. et al., Assessing the levelized cost of vanadium redox flow
batteries with capacity fade and rebalancing, JPS (2020).

Capacity

100 %

CyclesN

Changing the 
components of the 
battery

Mixing 

Regeneration 
procedure

The problem



HIGREEW Workshop: Flow batteries, bringing the technology to the market - 16 and 17 May 2023 Hosted by CIC energiGUNE in Vitoria-Gasteiz (Spain) 7

Rodby E.K. et al., Assessing the levelized cost of vanadium redox
flow batteries with capacity fade and rebalancing, JPS (2020).

The problem
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The solution

Chemical Regeneration 
Process

➢ Methanol

➢ Ethanol

➢ Oxalic Acid 

Electrochemical Regeneration 
Process

➢ Electrolysis 
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Chemical regeneration

1° step: measuring the imbalance in the  tanks

2° step: put the oxalic acid into the tanks 
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Electrochemical regeneration

Only one step: Electrochemical reduction of the positive electrolyte   

+_
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Electrochemical regeneration

𝑁𝑐𝑒𝑙𝑙 =
𝑪𝒉𝒂𝒓𝒈𝒆 𝒕𝒐 𝒑𝒓𝒐𝒗𝒊𝒅𝒆 𝒗𝒊𝒂 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒍𝒚𝒔𝒊𝒔

𝑪𝒉𝒂𝒓𝒈𝒆 𝒑𝒓𝒐𝒗𝒊𝒅𝒆𝒅 𝒊𝒏 𝒆𝒂𝒄𝒉 𝒄𝒆𝒍𝒍

=

𝑰𝒎𝒃𝒂𝒍𝒂𝒏𝒄𝒆 % ∗ 𝑬[𝑘𝑊ℎ]
𝑼𝒄𝒆𝒍𝒍[𝑉]

𝒋 𝐴 𝑚−2 ∗ 𝑨 𝑚2 ∗ 𝒕(ℎ)

1

𝑛𝑟𝑒𝑔

𝐸𝑐 𝑘𝑊ℎ = 𝑼𝒄𝒆𝒍𝒍,𝒓𝒆𝒈.[𝑉] ∗ 𝑵𝒄𝒆𝒍𝒍∗ 𝒋 𝐴𝑚
−2 ∗ 𝑨[𝑚2] ∗ 𝟐𝟒𝒉

𝑄 𝐿 𝑠−1 =
𝜶

𝒊 [𝐴]
𝑭 [𝐶 𝑚𝑜𝑙−1]

𝑪𝒗[𝑚𝑜𝑙 𝑙
−1]

𝑵𝒄𝒆𝒍𝒍

Number of regeneration cell

Energy consumed

Flowrate
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Electrochemical regeneration

CAPEX

OPEX

𝑁𝑐𝑒𝑙𝑙 =
𝑪𝒉𝒂𝒓𝒈𝒆 𝒕𝒐 𝒑𝒓𝒐𝒗𝒊𝒅𝒆 𝒗𝒊𝒂 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒍𝒚𝒔𝒊𝒔

𝑪𝒉𝒂𝒓𝒈𝒆 𝒑𝒓𝒐𝒗𝒊𝒅𝒆𝒅 𝒊𝒏 𝒆𝒂𝒄𝒉 𝒄𝒆𝒍𝒍

=

𝑰𝒎𝒃𝒂𝒍𝒂𝒏𝒄𝒆 % ∗ 𝑬[𝑘𝑊ℎ]
𝑼𝒄𝒆𝒍𝒍[𝑉]

𝒋 𝐴 𝑚−2 ∗ 𝑨 𝑚2 ∗ 𝒕(ℎ)

1

𝑛𝑟𝑒𝑔

𝐸𝑐 𝑘𝑊ℎ = 𝑼𝒄𝒆𝒍𝒍,𝒓𝒆𝒈.[𝑉] ∗ 𝑵𝒄𝒆𝒍𝒍∗ 𝒋 𝐴𝑚
−2 ∗ 𝑨[𝑚2] ∗ 𝟐𝟒𝒉

𝑄 𝐿 𝑠−1 =
𝜶

𝒊 [𝐴]
𝑭 [𝐶 𝑚𝑜𝑙−1]

𝑪𝒗[𝑚𝑜𝑙 𝑙
−1]

𝑵𝒄𝒆𝒍𝒍

Number of regeneration cell

Energy consumed

Flowrate

CAPEX =
1

𝑀

𝛽𝑦𝑊

𝑛𝑟𝑒𝑏

1+𝑘𝑎𝑠𝑠

𝑂𝐶𝑉 𝑗 𝑡
𝑐′ + 𝑐′′

2

𝑁𝑐,𝑠
+ 𝑐′′′

1

𝐴 𝑁𝑐,𝑠

OPEX= 𝑐𝑒𝑙 Τ𝛽𝑦 𝑊 𝑛𝑟𝑒𝑏 1 + 𝐴𝑆𝑅 Τ𝑗 𝑂𝐶𝑉 + 𝑘𝑝 + 𝑃𝑡

50 kW/500 kWh VFB system
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Cost of OA  =  1.10   €/kg
Labor costs =  5        €/kWh
(for dosing the additive) 

Electrochemical regeneration

635 €/y

Rodby E.K. et al., Assessing the levelized cost 
of vanadium redox flow batteries with 
capacity fade and rebalancing, JPS (2020).
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Electrochemical regeneration
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Electrochemical regeneration



Electrochemical regeneration

390 €/y
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Electrochemical regeneration

390 €/y
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Electrochemical regeneration

390 €/y

𝑄 𝐿 𝑠−1 =
𝜶

𝒊 [𝐴]

𝑭 [𝐶𝑚𝑜𝑙−1]

𝑪𝒗[𝑚𝑜𝑙 𝑙−1]
𝑵𝒄𝒆𝒍𝒍 = 19 l/min   (with α = 5)
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Conclusion

• The model was used to investigate optimal configurations of 
minimum costs in terms of rebalancing reactor design and system 
operation.

• Interestingly, the electrochemical rebalancing process here studied, 
if properly optimized, can present a total cost (investment plus 
operation) lower than a chemical rebalancing process using oxalic 
acid as reducing agent. 

• In the case of a VFB rated 50 kW/500 kWh affected by a yearly 
imbalance rate of 20 %, it was found that a rebalancing process 
performed once a year result suitable only with slow regeneration 
process, lasting 5–10 h. 
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Papers
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Thank you
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Power CAPEX

Cost of OA  =  1.10   €/kg
Labor costs =  5        €/kWh
(for dosing the additive) 

Electrochemical regeneration
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Costs 

10 kW / 30 kWh 

Regeneration 
Stack
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Costs 
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Costs 

50 kW / 500 kWh 
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Positive 
electrolyte

Negative 
electrolyte
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