


• stability in power system terms and 

• a faster FCR response.

*preliminary date



Frequency Reserves in the Nordics

• Hydropower provides around 90% of

the FCR capacity today

• Installed capacity is Sweden:

~50% Francis turbines

~50% Kaplan and Bulb turbines

• FCR performance influenced by multiple

physical factors:

– Turbine type

– Unit head

– Length and geometry of waterways

– Servo system type

[1]: ENTSO-E – FCP Project Summary 
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FCR-N step test: 

63% of capacity in 60 s

FCR-D step test: 

93% of capacity in 7,5 s

Frequency Reserves in the Nordics



Joint Operation of Hydropower and Storage

• Installing a storage system (e.g. batteries, supercaps) and operating it together with 

the hydropower unit

• Foreseen benefits of joint operation:

• Faster and stable combined FCR response

• Decreased wear-and-tear on hydropower unit compared to stand-alone 

operation

• Decreased size of storage and cycling unit compared to stand-alone operation

• Industrial PhD project goals:

• Suggest joint regulation strategies depending on the objective

• Develop a guideline for dimensioning the energy storage

• Implement the hybrid system in lab-scale experiments



The optimization problem

Joint Operation of Hydropower and Storage

FCR criteria Hydropower unit Storage system

• Can be achieved in 

different ways

• Clear minimum 

requirements

• Optimization of joint 

performance

• Performance controlled 

by turbine governor

• Can be changed, physical 

limitations

• Optimization of wear and 

tear

• Performance controlled 

by electronics

• Can be designed

• Optimization of power 

and/or energy ratings 

(cost)
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power system formulation unit test resultsuseful formulation for the unit
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The optimization problem

FCR criteria Hydropower unit Storage system

• Can be achieved in 

different ways

• Clear minimum 

requirements

• Optimization of joint 

performance

• Performance controlled 

by turbine governor

• Can be changed, physical 

limitations

• Optimization of wear and 

tear

• Performance controlled 

by electronics

• Can be designed

• Optimization of power 

and/or energy ratings 

(cost)

Minimum FCR 

requirements used as a

design parameter

Performance changed, 

optimized for wear and 

tear and flow oscillations

Performance designed to 

satisfy FCR criteria



Fortum Pilot in Forshuvudforsen

Run-of-river HPP with 

two 25 MW Kaplan units 

and high running hours

Unit 2 equipped with a

5 MW / 6 MWh Tesla 

BESS in 2019

Hybrid unit successfully 

providing FCR-N and 

FFR since commissioning
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[2]: Danilo Laban – “Hydro Battery Hybrid Systems for Frequency Regulation”, MSc Thesis 
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Conclusions

• FCR requirements are challenging the physical performance limits of some units

• Joint operation with storage systems is an efficient and resilient way of improving 

FCR services and possibly stacking other services

• Benefits from the hydropower perspective include reduced mechanical wear and 

tear and a reduced impact of FCR on waterways

• Multiple optimization possibilities exists for the joint operation

• We are in need of guidelines how to build up these systems when it comes to 

control schemes and storage system sizing


