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Importance of wind-storage HPP 

Energy arbitrage 

Ancillary services 
(Frequency support) 

Benefits 

Reduction of power 
imbalances (from forecast 

errors) 

Grid congestion 
relief 



Research Objective 

‘The objective is to establish, by quantitative analysis, 
the scenarios under which wind-battery HPP could be 

economically beneficial from a generator point of view.’ 

Technical benefits 

Missing Link 



Wind-storage HPP 



Storage applications 

Arbitrage + Imbalance 
revenue maximization 

Day-ahead 
market 

Imbalance 
market 

Bid-supply 
Mismatch 

€/MWh 

Imbalance 
settlement 

Ancillary services + Wind 
imbalance reduction 

Day-ahead 
market 

Imbalance 
market 

Bid-supply 
Mismatch 

€/MWh 

Imbalance 
settlement 



Case study 

Netherlands - 2019  5 MW – 128 m 
Cost - $1870/kW 

Li-ion 
Duration – [1, 4, 8] hr 

Cost – [530, 350, 290] $/kWh 



Application 1: Arbitrage (Optimization) 

• Spot price forecast 
• Wind forecast 



Application 1: Arbitrage (Optimization) 

Wind power forecast 

Design variables 

Objective 
function 

Constraints 

Spot price forecast 



Application 1: Arbitrage (Real-time) 

• Bid volume 
• Actual wind generation 
• Battery SOC 
• Imbalance prices 
• Spot prices 



Application 1: Arbitrage (Real-time) 

Pdiff = Pwind - Pbid 

δ = λimb - λspot 

Pdiff < 0 
 

Pdiff > 0 
 

δ > 0 

Discharge 

δ < 0 

Charge 
Buy from 
imbalance market 

Sell to  
imbalance market 



Application 1: Arbitrage (Illustration) 

120th time 
stamp 



Application 1: Arbitrage (Economics) 



Application 2: Ancillary services (Optimization) 

• Wind forecast 
• Imbalance state 
• Imbalance prices 

 



Application 2: Ancillary services (Optimization) 

Imbalance price forecast 

Design variables 

Objective 
function 

Constraints 

Capacity remuneration Energy remuneration 



Application 1: Arbitrage (Real-time) 

• Bid volume 
• Actual wind generation 
• Battery SOC 
• Imbalance prices 
• Spot prices 



Application 2: Ancillary services (Real-time) 

Pdiff = Pact - Pforc 

δ = λimb - λspot 

Pdiff < 0 
 

Pdiff > 0 
 

δ > 0 

Discharge* 

δ < 0 

Charge* 

* Only if it does not disturb ancillary services operation 

Buy from 
imbalance market 

Sell to  
imbalance market 



Application 2: Ancillary services (Illustration) 

15th time 
stamp 

92nd time 
stamp 



Application 2: Ancillary services (Economics) 



Main findings 

Arbitrage: 
 
• 10 % increase in revenue using a 1-

hour battery (of the size of the wind 
farm) 
 

• A 4-hour battery has a better 
economic case 
 

• 50 % cost reduction required for 
arbitrage to be economically attractive 
 
 
 

 

Ancillary services: 
 
• Strong economic case for batteries 

providing secondary frequency 
support  
 

• Mainly due to the perfect market 
assumption 
 

• Further research for a case with little 
to no prior information about 
imbalances is required 
 
 
 
 
 

 



Conclusion 

‘Providing ancillary services is a more attractive economic case for 
adding battery storage to an existing wind plant than arbitrage.’ 
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