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Flow batteries have the potential to provide a 

variety of grid storage services. A recent report by 
Sandia National Laboratories presents value 
propositions for energy storage in 17 distinct grid 
service applications, two of which are further sub-
divided [1]. Flow batteries have the potential to fulfill 
the requirements of many of these applications. 
However, there is a range of flow battery types from 
fully decoupled power-energy capacity characteristic 
of redox flow batteries to hybrid flow batteries with 
limited decoupling of power-energy capacity. This 
paper focuses on the potential of flow batteries to 
provide area regulation ancillary grid services. Area 
regulation matches grid capacity with consumer 
demand in real time. To maintain grid voltage and 
frequency values within preset limits, the power 
capacity of the grid must be closely matched to the 
actual grid demand at any given time. 

In this analysis we consider a hypothetical 
2-megawatt (MW) generic flow battery that is 
simulated in an area regulation application to find the 
optimal energy-to-power ratio that maximizes the net 
present value (NPV) of a 10-year project based on a 
range of installation costs [2].  Using real market data 
obtained from the California Independent Service 
Operator (CAISO) [3] (e.g., see Figure 1), an optimal 
energy-to-power ratio for a range of battery costs is 
determined to maximize the NPV of this hypothetical 
battery installation using risk analysis software [4]. 
See Figure 2 for a schematic of the algorithm used 
for the simulation and Table 1 for a summary of 
simulation results. A simplified model of battery 
installation costs (dollars per kilowatt hour [kWh]) 
resulted in a positive NPV for installation costs below 
$400 kWh-1. For installation costs between $250 
kWh-1 and $400 kWh-1, an optimal energy-to-power 
ratio is 1.73. The traditional advantage of decoupling 
power and energy capacity may not be realized in 
area regulation; therefore, hybrid or other low-cost 
flow battery chemistries such as iron-chromium or 
even lower-cost new developments may be more 
appropriate for area regulation in the future. 
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Fig. 1.  The amount of up and down regulation 
capacity purchased by CAISO for every hour of 2008. 
Positive numbers represent up regulation purchases 
and negative numbers represent down regulation 
purchases [2]. 
 
 

 
Fig. 2.  Graphic representation of the simulation and 
optimization process used to find the optimal energy-
to-power ratio of a flow battery performing an area 
regulation application. 
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Table 1.  A Summary of Simulation Results. 

Installation 
Cost (kWh-1) 

Optimal 
E/P Ratio 

Mean 
NPV 

Mean 
IRR 

Average 
SOC 

$150 2.52 $766,900 70% 45% 
$200 1.93 $586,800 55% 47% 
$250 1.74 $437,100 40% 48% 
$300 1.74 $300,800 27% 48% 
$350 1.73 $160,500 18% 48% 
$400 1.73 $19,700 11% 48% 
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