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Mechanical energy storage with focus on
hydropower - status and future development
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Hydropower
technology

Environmental
impacts of
hydropower

Environmental
Impacts of wind
power and power
transmisson

How to reconcile
energy and
environment
policy?
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The Background - Climate Change
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Towards 2020 — Implementation of the RES-directive
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1200000 O Tide, wave, ocean
1000000 @ Geothermal Electricity
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2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

RES generation from 632 TWh in 2010 to 1152 TWh in 2020
Largest increase in Wind - ca 120 GW and 305 TWh
Also rapid increase in Solar PV - ca 65 GW og 100 TWh

=> Increase of non-dispatchable power generation (wind, solar PV)

CEDREN Centre for Environmental Design of Renewable Energy



A surprising fact found in IEA Roadmap cont.

Figure 3: Electricity generation from recent additions to hydropower (left)
and other renewables (right)
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Source: IEA, 2012b.




Energy scenarios

O Transmission and
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S distribution infrastructure
oo Q Energy storage
technologies
ol O Demand side
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Maybe as much as 340 TWh of
storage volume and 150 GW of

-World Energy
- . Pre

balancing capacity needed Iin
Europe by 2050



| }ﬁEE Installed Energy Storage capacity

European Energy Research Alllance

Worldwide installed storage capacity for electrical energy

@ Compressed Air Energy Storage 2 installations
440 MW worldwide
Pumped Hydro
@ Sodium-Sulfur Battery BRE=RANREElET[E
316 MW worldwide

® Lead-Acid Battery
~35 MW

» Nickel-Cadmium Battery
27 MW

¢ Flywheels
<25 MW

127,000 MW,

o Lithium-lon Battery
~20 MW

* Redox-Flow Battery
Source: Fraunhofer Institute, EPRI <3 MW

Worldwide installed rated power of storage facilities for electrical energy.
Such power level can be sustained for up to several hours or shorter

CEDREN Centre for Environmental Design of Renewable Energy =/ >ﬁ\ E%‘l .




European Energy Research Alllance

EERA Mechanical storage

Hydro Compressed air Flywheels

« Operates typically . Operates typically « Operates typically on
on weeks to hours  on hours seconds to minutes

« Many applications « Two commercial « Used a lot in many
for both energy energy storage other sectors
and storage plants . Few large-scale

« World-wide - Need for more energy storage
potential research applications

P fm
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MW installed capacity

World electric energy
storage installed
capacity 2012
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Log scale Capital costs per cycle:
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%EE Flywheels - kinetic energy storage

European Energy Research Alllance

. Rotating mass « Transportation
L Hi = Electric and hybrid cars,
gégr]r;it?;wer and energy b_uses |
= Light trains, trams,
« Very fast regulation underground
« A large number of life - Ferries
cycles « Power system services

= Grid stability
« Frequency regulation
= Voltage support

« Industry
= Uninterrupted power supply
« Cranes and elevators

e T S| [,
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Compressed Air Energy Storage (CAES)
' { - ' = )

:

1. Excess or off-peak power » 4. The electricity produced is
is used to compress air delivered back onto the gird
vExhaust
- _ Waste heat
K Air
o>

2. Air is pumped underground
and stored for later use

3. When electricity 1s needed, the
stored air 1s used to run a gas-fired
turbine-generator
Compressed

Cavem

Salt dome

From Luo and Wan
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McIntosh CAES plant

(one of two commercial plants)

CoOMPpressors (50 MW) ooq cutcnes  EXPE
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Salt Cavem Air Store:
Distance to Surface =1500 ft
Height = 1000 ft

Avg. Diameter = 156 ft
Volume = 22MCF

@ Luo and Wan
CEDREN Centre for Environmental Design of Renewable Energy : \QQ) m s

Heat Rate 4100
Energy Ratio 0.81

Underground Storage Cavern:
A Solution Mined Salt Cavern




Adiabatic
Compression Power Production C A E S

Air

Small scale
CAES:
Competing

Stored Air Outlet Flow With
batteries

From Luo and Wano




Pumped Storage Hydropower principle

Upper reservoir

Lower reservoir

Underground
turbine and

pump Reversible
pump turbine




Afourer, Marocco

3




Nant de Drance,
Switzerland

Photo: Alstom
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Goldisthal,
Germany




Limberg II, Austria
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Grand Maison,

1 800 MW turbine mode
1275 MW in pump mode




Vianden,
E Luxemburg

Upper reservoir

Lower reservoir:
The river

Photo: Alstom
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Installed PSH world-wide: ~140GW

Under Operation

Project stage



International PSP - Some facts

Existing capacity worldwide: 140 GW (2011)
42 GW added since 2005 (7 GW/year)

Leading PSP regions

EU 45 GW
Japan 30 GW
China 24 GW
USA 20 GW
Storage:

Spain 17 PSP

Switzerland 16 PSP
France 9 PSP
Austria 15 PSP

CEDREN Centre for Environmental Design of Renewable Energy =

Projections 2050: 500-700 GW

1500 GWh
369 GWh
184 GWh
125 GWh

NG
O fn




New technologies — pumped storage

- Underground PSP . Salt water PSP

. SUb'Sea PSP Okinawa PSP - Japan
 Artificial island PSP - No access to lakes
. Retrofitting reservoir hydro = Scarce water resources

. Variable speed reversible  Isolated grids ('S'a”ds)l
pump turbines - Extra maintenance (salt)

CEDREN Centre for Environmental Design of Renewable Energy =



Hydropower — supporting
other renewables

il L | L

R

oy

CEDREN studies in 2011
and 2012: How can
Norway contribute?
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Main problem with
Wind and Solar Power:

- Intermittency

- Highly variable output
- Low predictability

- Non-Dispatchable

Actual production solar and wind  (Germany 2012)
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RES challenges
High Wind power production

o Nearly no reSIduaI Ioad Ieft Anzeigewoche: KW 52; 2012
soo00 {0 conventional power plants
50.000
40.000
30.000
20.000
10-000 But back-up capacity necessary
-10.000
-20.000 4 [ _ [ _ [ [ 1 I I
Mo Di Mi Do Fr Sa So
24.12. 25.12. 26.12. 27.12. 28.12. 29.12. 30.12.
Legende: Export B Import B Konventionell > 100 MW B Wind Solar

Source: Burger, B. "Electricity production from solar and wind energy in 2012",
Fraunhofer ISE, presentation, February, 2013
URL: http://www.ise.fraunhofer.de/en/renewable-energy-data

cEDREN Centre for Environmental Design of Renewable Energy : S



RES challenges
High Photovoltaic production

Mw
€0.000

Anzeigewoche: KW 34; 2012

Significant reduction of peak load

due to solar power production at noon

e —_  \ A P
-10.000
-20.000 4 [ [ [ [ 1 I I
Mo Di Mi Do Fr Sa So
20.08. 21.08. 22.08. 23.08. 24.08. 25.08. 26.08.
Legende: Export B Import B Konventionell > 100 MW B Wind Solar

CEDREN Centre for Environmental Design of Renewable Energy ——

Source: Burger, B. "Electricity production from solar and wind energy in 2012",
Fraunhofer ISE, presentation, February, 2013
URL: http://www.ise.fraunhofer.de/en/renewable-energy-data




RES challenges
No production from RES

Anzeigewoche: KW 6; 2012

Mw

€0.000
50.000
40.000
30.000

B Peak load and nearly whole demand during the week
X completely covered by conventional power plants

-10.000
-20.000 [ [ [ [ 1 I I
Mo Di Mi Do Fr Sa So
06.02. 07.02. 08.02. 09.02. 10.02. 11.02. 12.02.
Legende: Export B Import B Konventionell > 100 MW B Wind Solar

Source: Burger, B. "Electricity production from solar and wind energy in 2012",
Fraunhofer ISE, presentation, February, 2013
URL: http://www.ise.fraunhofer.de/en/renewable-energy-data
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Simulated wind production in the North Sea area in 2030
- 95 000 MW installed capacity
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Wind Power North-Sea Region - Jan — March
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supply this storage ? ~




Hydropower in Norway — Resource base
Water, high head Large natural reservoirs




Norwegian hydropower

\\\\\\\\\\

Solid rocks providing great opportunities to hide
penstock and power plants inside the mountains




333 Large hydropower stations in Norway
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Wind and hydropower seems like a good match

==Vind power generation  ——Hydropowerinflow, Norway

Jan  Feb  Mar  Apr May  Jun Jul Aug Sep  Oct Nov
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Energy content (%) in Norwegian hydropower reservoirs (2002-2013)
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Norwegian hydro and Danish wind

MWh

20 000 H

— Generation
in Norway

— Load in
Norway

o *'No"rwégian hydro e)(porting; 'MW Danish wind cover underproduction
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=/~ CEDREN Case

Bl study 2030

il Aurland

CEDREN Centre for Environmental Design of Renewable Energy
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- The technical potential
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Environmental impacts




Social acceptance







< Natural gas grid today

Can we establish a similar
electricity grid for exchange?

. m Wind energy production area

uﬂ“'! Hydro energy production area

Ocean energy production area
. Biomass energy production area

@ Solar energy production area

.....




PRESIDENT OBAMA'S ENERCY PLAN:

FOLLOW ME TO THE PROMISED LAND OF
CLEAN, RENEWABLE ENERGY AND
INDEPENDENCE FROM FOREIEN OIL.

I
BUT THERE'S
NO BRIDGE.

Capyrighi {C) 2008 by Frddiesix Graghics
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It is a bit freaky with this
wireless technology

« Uncertain future — many scenarios

« Rapid changes may come (...Fukoshima)

« Hydro reservoirs = always an excellent energy storage

« We probably need governmental agreements and new markets
« Norwegian hydro: Large opportunity for Europe

CEDREN Centre for Environmental Design of Renewable Energy -{ >ﬁ\ E:;':”L .




