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Need for energy storage? 

• Driven by electricity system: electric energy not easily 
(cheap and in bulk) storable 

 

• In contrast to food sector (cooling houses, 
refrigerators, water basins…) 

 

• Situation more outspoken with non-well-dispatchable 
(intermittent) RES 
– Variable 

– Not fully predictable 
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Need for energy storage? 

Ref: Paul Denholm, NREL, London, 2015 

Duck curve suggests that storage is needed for RES integration 
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Need for energy storage? 

• Storage is one of the flexibility means in the system: 
– Cycling thermal plants (especially gas turbines, but also others) 

– Grids (transmission & distribution) 

– Active Demand Response (ADR) 

– Curtailment of superfluous sun or wind 

– Storage of electric energy or via thermal energy 

 

• In most systems, all flexibility options needed 

 

• Storage has to compete with other flexibility options 
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Need for energy storage? 

• Where to perform the balancing (at which level)?  

Should houses/neighborhoods/cities aim for a net load 

profile as flat as possible?   
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Centralized & 
decentralized 
generation 

Local balancing favorable? 
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Need for energy storage? 

• Paul Denholm (NREL, Denver, CO, USA): 

– Efficiency storage ~ 70%  30 thrown away = this is 
effective “curtailment”! So, curtailing short-duration peaks 
(i.e., power) of RES is justified (energy lost is small) 

• Mark Bettzüge (EWI, Köln, DE): 

– Do not underestimate demand response if appropriate 
price signals are present... 

• Storage can be profitable if multitude of ancillary 
services are added to task on top of arbitrage & 
portfolio optimization 
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Electrical Storage 

• Direct electrical storage difficult 
– Super capacitors 

• Most electrical storage is indirect 
– Pumping water (PHES) 

– Electrochemical (batteries, flow batteries, fuel cells) 

– Temporary fuels (hydrogen, methane) 

– Magnetic field (SMES) 

– Mechanical energy (compressed air - CAES, flywheels) 

• Sometimes also virtual storage 

– Through thermal storage and demand response 
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Worldwide installed electricity storage 
capacity 

Source: IEA, 2014 
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Worldwide installed electricity storage 
capacity 

IEA, ETP 2014 
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Electricity Storage Technologies 

IEA, ETP 2014 
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Electricity Storage Technologies - 
Technical Performance 

IEA, ETP 2014 

  LA = Lead-Acid  /  VRB = Vanadium Redox flow Battery  /  SMES=Superconducting Magnetic Energy Storage 
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Electricity Storage Technologies –        
Cost & Duration Performance 

IEA, ETP 2014 
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Electricity Storage Applications 

IEA, ETP 2014 
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Electricity Storage Applications - 
Characteristics  

IEA, ETP 2014 
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Arbitrage 

Ref: Gitis et al, “Applications and Markets for Grid-Connected Storage Systems”, in 

Mosely & Garche, Eds., “Electrochemical Energy Storage for Renewable Sources 

and Grid Balancing”, Elsevier, A’dam, 2015 
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Storage for Reserves 

Instantaneous Reserves = Spinning Reserves [these authors] = replacing inertia 
Primary Control Reserve = Frequency Containment Reserves (FCR) 
Secondary Control Reserve = Frequency Restoration Reserves (FRR) 
Tertiary/Minute Control Reserve = Replacement Reserves (RR) 

Ref: Gitis et al, “Applications and Markets for Grid-Connected Storage Systems”, in 

Mosely & Garche, Eds., “Electrochemical Energy Storage for Renewable Sources 

and Grid Balancing”, Elsevier, A’dam, 2015 
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Storage for self supply & grid relief 
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Studies & Factsheet on Technologies and 
Applications Electrical Storage 

Available at 
THINK website 

Available at web site         
KU Leuven EI 
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Studies on Applications Electrical Storage 

Friday May 08, 2015 
 
Study by EnergyVille 
(KU Leuven & VITO) on 
Storage applocations for 
Belgium will be 
presented at work shop  
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Electrical and Thermal Storage 
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Thermal & Electrical Storage Applications 

IEA Storage Technology Roadmap, 2014 

Modified from IEA ETP 2014 to include thermal applications 
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Maturity of Storage Technologies 

IEA Storage Technology Roadmap, 2014 
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Fresh from the Press – May 05 2015 
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Status – Most Recent (May 2015) 

IEA, ETP 2015 
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Status – Most Recent (May 2015) 

IEA, ETP 2015 
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Status – Most Recent (May 2015) 

IEA, ETP 2015 
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Thermal Storage Characteristics 

IEA, ETP 2014 

Specific storage capacity versus temperature 

TCM = Thermo-Chemical Materials / PCM = Phase Changing Materials 
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Hot water storage – energy dump (?) 

Ref: Solites, DE 

Originally:  
seasonal hot water storage 

Storage for CHP & 
district heating 

Ref: N-Energyie Nürnberg, DE 

Same principle can be used to dump 
superfluous electric energy  “electric 

boilers” – used in Denmark! 
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Virtual Electricity Storage via ADR 

IEA, ETP 2014 

Thermal Storage via Electric Heating 
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Virtual Electricity Storage via ADR 

Thermal storage in buildings through Heat Pumps (HP) 

 

• Can be considered as an electricity dump 

• But thermal mass of building acts as a thermal buffer 

• Can shift with electric power delivery to HP 

• Is effectively a virtual electricity storage (via ADR) 
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Other Thermal Storage in Electric Apps 
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High-Temperature Storage for CSP 

Thermal Energy Storage (TES): 6 hours of full load operation 

2-tank, indirect, molten-salt TES 

Six parallel TES trains 

 
Solana Power Station (CSP), Arizona, USA 

TES 
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High-Temperature Storage for CSP 

Basic set up of power plant with molten salt storage. Ref. [IEA, 2010] 

Other possibilities with PCMs... 
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Storage allows improved operational flexibility to meet utility peak loads. 
Arizona Public Service system peaks: 

 

Summer Peak: 12 Noon to 8pm, June – September 

 

 

 

 

 

Winter Peak: Early morning, evening 

 

Electricity demand (not scaled) Solar Radiation (not scaled) CSP plant generation 
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Solar Peaking  

Copyright © Abengoa Solar, S.A. 2014. All rights reserved. 
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Compressed Air Storage 
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CAES – Compressed Air Energy Storage 

Conventional CAES 

Ref. D. Walraven, PC 
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CAES – Compressed Air Energy Storage 

Advanced Adiabatic CAES 

Ref. D. Walraven, PC 

For a typical example: 
cycle efficiency ~ 70+% 
 
No extra fuel needed. 
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Batteries 

R. Belmans, supervisor 
J. Driesen, co-supervisor 
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Batteries - Characteristics 

Ref: Frederik Geth 
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Batteries - Characteristics 
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Batteries - Characteristics 
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Batteries – Cost Evolution 
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Batteries – Cost Evolution 

Ref: Nykvist & Nilsson, NCC, 2015 
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Battery Revolution of Tesla? 

TESLA  
 
Powerwall = similar 
to wall boiler 
 - for the home -  
 
7 kWh unit 
 3,000 $ ~ 2,700 € 
 
10 kWh unit 
 3,500 $ ~ 3,100 € 
 
 
Powerpacks for 
industrial applications 
Packs of 100 kWh 
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Battery Revolution of Tesla? 

- Giga Li-ion factory near 
Reno, NV, USA 
 

- Mass scale manufacturing 
 

- Open-access patents 
 

- What if the Chinese take 
over like for PV? 
 

- Could lead to dramatic cost 
reductions 
 

- Tesla’s battery manufacturing 

might be temporary 

But Musk & Tesla are the 
winners in the EV market! 
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Battery Revolution – MS Projections 
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Battery Revolution – MS Projections 

Ref: Morgan Stanley, 2014 
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Comparison Li-ion with PHS for arbitrage 

IEA, ETP 2014 

Following IEA ETP 2014: 
For bulk storage applications with long duration discharging (e.g., arbitrage), 
batteries are unlikely to contribute substantially over next 35 years 
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Battery Revolution? 

• Tesla may see breakthough in CA, USA 

• Grid independence feasible? But perhaps also installing 
back-up gasoline/diesel engine generators... 

• Situation in NW Europe is different since other weather 
conditions – grid connection almost centainly needed 

• But cheap local batteries may drastically change market 
behavior & participation 

• Interesting combination with EV and PHEVs (G2V & V2G) 
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(Redox-)Flow Batteries 

Weber et al, RFB: a review, J. Appl Electrochem 41, 2011 

Cho et al, J. Electrochem Soc. 159, 2012 

Recent revival after 
sleeping mode 

Advantage:  
power (area electrode) and  
 energy (volume vessels)         
  are decoupled! 

Commercially available include Vanadium, 
Zink Bromide, Polysulphide Bromide 
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(Redox-)Flow Batteries 

Ref: Huskinson et al, Nature Jan 2014 

Ref: Soloveichik, Nature Jan 2014 
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Pump Hydro - Island 
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Pump Hydro Storage (PHS) 

The usual PHS... 
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Energy Island – NL (KEMA, Lievense, R. DAS) 

Installed Power Capacity:1,500 MW 
 
Installed Energy Capacity: 20 GWh  
       (>13 hours) 
 
Cycle efficiency = 76% ( ∆H = 32 m) 
 

Size: 
4 km x 6 km 
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Energy Island – NL (KEMA, Lievense, R. DAS) 

Multiple functionalities 
• Energy Storage via pumped hydro storage 

• Ring for wind turbines (300-500 MW) 

• Aquatic biomass production plant 

• Location for thermal power plant 

• LNG terminal + harbour 

• Tourism & Nature 

• Coast protection 

• ... 
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Energy Island – NL (KEMA, Lievense, R. DAS) 

• KEMA and Lievense did feasibility study for the Netherlands 

• Main results by KEMA & Lievense: 

– More variable power production (wind, sun, ...) makes 
storage in grid indispensable (value) 

– Increasing fossil (gas) prices make pumped hydro 
preferred technology compared to CAES 

– Energy island can be paid back <20 years on storage 
functionality only 
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Energy Island - Arbitrage 

Typical peak hours: 08.00h – 21.00h 

Typical off-peak hours: 21.00h – 08.00h 

Ref: Belpex (Belgian Power Exchange) 
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Arbitrage – Decreasing Price Differences 
in Some Markets 
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Italian peak-load prices versus base-load prices [€/MWh] 

August 2004 
August 2014 
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Arbitrage – Decreasing Price Differences 
in Some Markets 

Example storage use: Italy 
- RES initially decrease variability of net-demand 
- Impact on use of pumped hydro storage units today 

 

 
- At higher RES penetration, storage becomes again important 
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Arbitrage – Decreasing Price Differences 
in Some Markets 

• Arbitrage alone is not sufficient for business case 
(due to lower prices and price differences) 

• Important factor is size of coupled market and 
Market Resilience Factor (MRF) 

• Profitabiliy imporves for much higher RES 
penetration 

• Participation in ancillary services improves 
profitability 

• Profitibility depends on presence of other flexibility 
measures (ADR, flexible plants, grids, ...) 
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Very Long Term Energy Storage 
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Power to Gas – Long-Term Storage 
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Power to Gas - principle 

Ref: Adapted from M. Sterner, 2011, 2013  
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Power to Gas - efficiencies 

Ref: M. Sterner, 2011, 2013  
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Hydrogen & Fuel Cells 

IEA, ETP 2015 
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Hydrogen & Fuel Cells 

IEA, ETP 2015 
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Hydrogen & Fuel Cells 

IEA, ETP 2015 
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Conclusions 

• Storage will be part of the flexibility options in the 
future 

 

• Value of storage strongly dependent on system 
characteristics, market design, price differences (and 
the MRF), other flexibility means, ... 

 

• Much more Research is needed to fully understand 
the role of storage in all applications simultaneously! 


