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_earning outcomes of todays lecture

* Energy storage:
— Why Is energy storage vital for a future energy economy

— What storage options are useful for what energy and power
densities and what time-scales?

— General working principle of storage technologies:
« Pumped hydro energy storage
« Compressed air energy storage
* Flywheels
« Thermal energy storage (sensible, latent, thermochemical)

« Chemical energy storage (fuels, batteries, flow batteries,
capacitors)
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Why energy storage

* Energy storage:

— Bridging periods between when/where energy is available and

when/where 1t 1s In demand
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Cook et al., Chem. Rev., 110, 2010.
— Energy intermittency characteristic for renewable energy sources
« Capacity factor for conventional electricity generation 90%
 Capacity factor for wind 25 %
 Capacity factor for solar PV 15 %
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Why energy storage

. Energy storage can have different aims:

— Geographical distances between supply and demand

— Timely differences between production and demand, fluctuations
— Bridging seasonal differences and imbalances

— Leveling daily load cycles, ‘peak shaving’

— Improving stability, power quality, and reliability of supply
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Why energy storage

* Energy storage:

Advantages

Disadvantages

Increased operational performance, reliability, flexibility

Decreased mismatch between periods of energy supply
and demand

Enhanced opportunities for renewable energy resources
through more flexible energy systems

Potential to decrease the use of fossil fuels
Improved opportunities for distributed generation

Improved economics over lifetime of energy system,
sometimes including lower initial energy system costs
and maintenance costs

Increased system efficiency (decreases utilization of
energy sources)

Reduced space requirements

Decreased environmental impact

Enhanced energy sustainability

Loss of efficiency

Increased initial costs

Sometimes difficult match between
range of performance of energy
system and storage

cPrL
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oW much storage

« Study for California
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« The key approaches:

— Efficiency
— Decarbonization
— Electrification
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Williams et al., Science, 2012
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Overview

« Types of energy storage:
— Potential energy: pumped hydro, compressed air storage
— Kinetic energy: flywheel
— Thermal (incl. thermochemical): water tanks, molten salt tanks

— Chemical (incl. electrochemical): batteries, supercapacitors,
superconductors, fuels

— (Biological and organic)
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Overview

* Energy storage, comparison:

batteries
flywheels
SMES
capacitors
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Cook et al., Chem. Rev., 110, 2010.
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Overview

* Energy storage, comparison:
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Energy storage

. Pumped hydro energy storage (PHES):

— available surplus or off-peak generating capacity Is used to pump
water from a low elevation reservoir to a reservoir at higher
elevation

— potential energy Is recovered

Upper basin . Upper basin

Arrent output Arrent input
Power gnd FPower gnd
——— . S,
. B
o
e
L)
o
)
| )

Pump turbine Pressure pipe

Fressure pipg —————

Lower basin

Generation of electricity - turbine operation Storage of electricity - pump operation
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Energy storage

. Pumped hydro energy storage (PHES):

— PHES facilities often use reversible pump turbines, where the
water pump and the turbine are a single, bidirectional device

— Overall process can have round trip efficiencies as high as 80%

— But owing to the low energy density of a water column, large
volumes of water are needed

— Maximum energy density low
— PHES requires approx. 50 km? per 100 MW

— Practical plants with very large capacity (>1GW) to small scale
(<100kW)

— Large investments needed
— Land-use issue associated with PHES can lead to public resistance
— Underground PHES possible (but even higher prizes)

m
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Energy storage

I Pumped hydro energy storage (PHES):
— Energy stored in potential energy:

E .« =mMgAh

— Power:
AE /
= —— = pgAhV
P At Y "> Volume flow rate [m?/s]

* Plus losses in turbine and pump (efficiencies 85 — 90%)
 Evaporation
* Friction, leakage

M
U
1
r

RE, Haussener| May, 2024



Energy storage

« Pumped hydro energy storage (PHES) - Switzerland:
— Well suited:
 Alpine landscape with steep mountains

 Sound geological conditions, relatively watertight rock
reducing leakage losses;

* Inserted In the large European electric grid with dominant
thermal power

— Today 604 hydropower plants in Switzerland (power plants with a
capacity of at least 300 kW)

— Produce an average of around 36’175 GWhly
— The contributions are:

* 47.4% run-of-river power plants

 48.2% storage power plants

 4.4% pumped storage power plants
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Energy storage

B Pumped hydro energy storage (PHES) - Switzerland:

— 2/3 of this energy Is produced in the mountain cantons of Uri,
Graublnden, Ticino and Valais, while Aargau and Bern also
generate significant quantities

Map: Hydropower statistics

Aerial imagery ——

o \_Lausanine Cor g
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B Caiicatwer http://www.bfe.admin.ch/geoinformation/05061/05249/05391/index.html?lang=en

Reines Umwalzwerk
. Speicherkraftwerk
B Pumpspeicherkrafwerk RE, Haussener| May, 2024
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Energy storage

« Pumped hydro energy storage (PHES) - Switzerland:
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Energy storage

« Compressed air storage:
— Long been used to provide mechanical work

— Recently interest in its use for electricity storage: uses electricity
to compress air, to be used (possibly with the addition of fossil

fuel) in down-stream high pressure turbine
F

Ridge E

Compeossed
\Alv}

E PF L Cavemn
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Energy storage

« Compressed air storage:
— Different types dependent on heat management:

* Isothermal: heat flows out and in during sufficiently slow
cycling (compression and expansion), gas temperature
remains constant

 Adiabatic: the heat generated upon air compression is stored
and returned to the air upon expansion (estimated efficiency
up to 70%)
 Diabatic: heat generated is removed from the system, lower
efficiencies but simpler to engineer and cheaper
— Operating pressures of 50-80 bar are typical

— Volume of 200-300 m?3is required per stored MWh
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Energy storage

« Advanced adiabatic compressed air energy storage

Cha rgi ng Charge \

alacaes

=PrL
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Energy storage

« Compressed air storage:

— Work:
Isothermal (pV =const): p,V, In(ﬁj
V, P,
W = —j pdV = ( L
V - - K . plvl p2 "
' adiabatic (pV* = const): ( j -1
K—lk P, )

— Energy density of 114 kWh/kg can be achieved in isothermal and
reversible case when compressing to 200 bar
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Energy storage

« Compressed air storage:
— Caverns used:
« Salt domes
 Depleted gas fields
 Old tunnels and army bunker

=PrL
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Energy storage

« Compressed air storage, in operation
— Diabatic CAES power plants

Kaverne NK 2

S -_

\'.

Huntorf (Germany): since 1978, 321 MW, Mclintosh (USA) since 1982 110 MW,

— Cycle efficiencies around 40-55%
— Heat from compression wasted, fossil fuels required

=PrL
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Compressed air energy storage

 Pilot project for Switzerland for advanced adiabatic CAES in Pollegio

» Tests in large-scale tunnel at high temperature and pressure (up to 33 bars)

Heat storage capacity: 10’000 kWh,,

ETHzirich

PAUL SCHERRER INSTITUT

della Svizzera italiana

U e =

pressure plug heat storage unit pressure plug compressor
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Energy storage

* Flywheels:
— Store energy In a rotating mass (Kinetic energy storage)

— The rotor resides In an evacuated or helium filled container to
reduce aerodynamic losses and rotor stresses

DESCRIPTION GEOMETRY SHAPE FACTOR K
Flat unpierced 4 bzosssozeslpirsasrare
pELRE s Magnetc Bearng
]
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FLYWHEEL CONFIGURATIONS
' Tester, Sustainable Energy, 2012.

— For electricity storage: the flywheel is outfitted with an electrical
machine and power electronic interface (motor/generator,
variable-speed power electronics converter, power controller)

PrL
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Energy storage

* Flywheels:
— Automotive:

Axle coupling gear

Existing differential unit CVT .'7506\{10

Component Details

Flywheel side clutch CVT module

Output gear train =
(gear

ngs, start clutch)

Propshaft connection
to existing propshaft

Step-up gear

Axle side clutch

Vacuum pump
(not visible)

Flywheel

AdSHA4

Hydraulic supply & control
valves for CVT and clutches
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Energy storage

* Flywheels:
— Beacon Power, 20 MW plant, commercial operation 2011
— 200 flywheels
— Provides frequency regulation service to the grid operator.

— In this market, Beacon flywheels perform between 3,000 and
5,000 full depth-of-discharge cycles a year

beaconpower.com

=PrL
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Energy storage

* Flywheels:

Power Control Module

Vacuum Chamber Cooling System

Composite Rim

Radial bearing Foundation Cover

Magnetic Lift System

Flywheel Foundation

Motor/Generator

Flywheel Dessicant Tank

Flywheel Assembly
Bolted to Foundation

=PrL
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Energy storage

* Flywheels: Rotaitonal speed [rad/s]

M

PrL

— Energy: E. . = 1 | 2

2N\

— Moment of inertia depends on mass and shape of rotor:

Cylindrical rotor

/o

| = jprzdv Jﬁprzrdrdldgp
V 0 0O

Moment of inertia [kgm?]

E.q. for solid cylinder: 1
) g = MR’

— Flywheel energy storage thus increases with increasing mass of
the rotor at increasing distance from the axis of rotation and
Increasing rotational velocity

RE, Haussener| May, 2024



Energy storage

. Flywheels:

— The efficiency depends on the energy extraction over different
rotational speeds and loss of energy owing to friction

— The practical limitations depend on strength of materials:

 Tensile stress in rim: _ R2
Gmax T /0 @

+ Max energy density: A{ Shape factor
— = k Zmax
m P
— conventional (low speed, 6000 rev/min), made of metals
(high a,,,, but high p) — low energy density (~5Wh/kg)
and moderate power density

— advanced (high speed, 50 000 rev/min), reinforced
polymer composites (lower p, higher ¢.....) — higher
energy density (~100Wh/kg) )

max
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Energy storage

. Flywheels:

— Better bearings (magnetic bearings, superconducting magnetic
bearings) to increase efficiency

— Applications:

 Because the rotor is fixed in a flywheel, energy may be stored
by increasing the rotational velocity of the flywheel.

« Stored energy from the flywheel may be released upon
decreasing the rotational velocity of the flywheel.

* speed of a flywheel can be adjusted quickly (0.1 s),therefore
they can store and release energy at:

— high rates (0.1 s-h)

— for many cycles (100°000-2°000°000)
—with long service lives (15-25 years)

— at appreciable energy storage (0-1000 MW)
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Energy storage

. Flywheels:

— Self-discharge of flywheels can be significant, therefore
application limited to short term:

 Currently used for uninterruptible power supply systems, load
following and peak power supply, telecommunications, power
quality improvement, and rail support

* Possible future use for renewable energies:

— power smoothing, avoiding rapid voltage fluctuations, and
flicker (continuous cycling)

— power system stability (high power cycling and injection)
— grid reinforcement (peak lopping, distributed storage)

— bridging power until a diesel generator set in a hybrid
stand-alone power system is started and ready to be
brought online
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Energy storage

« Thermal energy storage:

— Useful as 40% of todays energy is thermal energy at temperature
lower than 250°C

— Often driven by daily to seasonal variations (e.g. residential
heating using solar energy)

— Three types of storage (and combinations thereof):
 Sensible heat storage (temperature change, heat capacity)

E =mc AT
« Latent heat storage (phase change)
E = mAh

« Thermochemical heat storage (reaction enthalpy)
C +heat <> A+B

lat
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Energy storage

« Thermal energy storage:
— Example: sensible heat storage by
large water tanks
« Heat capacity of water 4 kJ/kg/K

 Stored energy: E =meAT

sens

— Heating energy demand of older 200 m? house with specific
energy consumption of 100 kWh/m?/year

— requires 909 t (~ 909 m?) of water to be heated by 20 K

— But there i1s heat loss:

dT (T-T,)
cV—-= ~ —kA =
Pt 4t Qos AX

=PrL
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Energy storage

« Thermal energy storage:
— Large water tanks have problems with corrosion, fouling
— Instead use packages of gravel, rock, or massive parts of
buildings:

 Heat capacity of granite 0.75 kJ/kg/K
 Heat capacity of gravel, sand 0.71 kJ/kg/K
 Heat capacity of gravel-water 1.32 kJ/kg/K

— Or store heat in geothermal ground source or subsurface aquifier
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Energy storage

« Thermal energy storage:
— Example: high-temperature heat storage for CSP
— Molten salts (sodium and potassium nitrates: NaNO, and KNO,)
— Direct heating, storage capacity of 15 h
— Two tanks: cold-salts tank (290°C) and hot-salts tank (565°C)

=PrL
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Energy storage
 Thermal energy storage: a s

— Latent heat storage: N 2 ot b
» Heat is stored upon phase N B e .
change Ll e F e
» Most convenient: solid-liquid w” ",
(heat is stored during melting) s e o o

1 1
700 800 900 1000 1100 1200
Melting peint T, K

400 500

 Advantage: 1200

— Possible larger specific | <o
. §_ aell O Molten single salts
energy density g i
g 600 NaNO,
— Operates at constant - S oo
E NaOH O O KOH Li cg;.mz L“:' o’
temperatu re 200 | Mermitol Nall:'lﬁmg 2n MgCl, 0 KDCI ELEKF
: Erythraj:::c; el . Natlt rluazc-:-:

i [ |
300 400 500 600 700 200 900 1000 1100 1200
Melting point T_, K

Fig. 1. Heat capacity (a) and media cost (b) of high melting point PCMs [29].
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Energy storage

« Material properties — latent:

» Latent versus sensible:

=PrL
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Energy storage

« Thermal energy storage:
« Thermochemical heat storage (reaction enthalpy)
C+heat—>A+B

Table 1. Promising Materials for Thermochemical Energyv Storage [8, 16]

Thermochemical Material (C) Solid Reactant (A) Working Fluid (B) E:;e;:gli;? ::::lg: L?;‘::;T{EZ};E?; : CTI::llir:i l_l::: igg;
MgS04 TH,O MgSO, TH,O 2.8 122
FeCO; FeO CO, 2.6 180
Ca(OH), CaO H,0 1.9 479
Fe(OH), FeO H,O 22 150
CaCOs CaO CO, 33 837
CaS042H,0 CaS0y, 2H,O 1.4 89

Abedin et al., A Critical Review of Thermochemical Energy Storage Systems, 2011
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Energy storage

« Chemical energy storage:

— Considerable amount of energy Is contained in the chemical bonds
that hold atoms in place in molecules

— Breaking these bounds selectively such as during oxidation of
fossil fuels as they are combusted can release a large amount of
energy at high temperatures

— Stored for millennia (fossil fuels) or years (biomass)
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Energy storage

« Chemical energy storage:

— Liquid and solid chemical energy carriers have generally high
specific energy (e.g. wood 18MJ/kg, methanol 20 MJ/kg) and
high volumetric energy density

— Gases (hydrogen, methane) have high specific energy density (e.g.
hydrogen 141 MJ/kg) but low volumetric energy density

— pressurize, liquefy, metal-hydrides, etc.

3 33,3 33,3

30

B kWi hiLiter

o Wk Whikg

20

15

10

5

GHz LHz Mg H FeTiH Methan  Methanol  Benzin Kerosin

=prL— See «Hydrogen as an energy carrier»-lecture
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Energy storage

« Chemical energy storage:
— Reversible chemical reactions to store energy:
 Electrochemical: batteries

In a battery, electrons flow (in an external circuit) from one side of the
device (the anode) to the other side of the device (a cathode). To
maintain electroneutrality, cations must also flow in the same direction
but along a separate path (within the electrolyte contained inside the
battery cell) so that the battery does not short circuit. The flow of
electrons and cations during battery discharge permits devices to be
externally powered. Energy storage is achieved by reversing the electron
and cation flow by applying an external energy source.

 Electrochemical devices can have high efficiency (not limited
by Carnot)

 Depended on surface processes

mrpre
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Energy storage

« Chemical energy storage:
— Reversible chemical reactions to store energy:
 Electrochemical: batteries

Table 2. Summary of Battery Technologies”

energy density

battery anode cathode voltage (V) Wh-kg '  cycle life
lead—acid Pb + SO — PbSO4 + 2e~ PbO, + 4 H" 4+ SO, + 2e~ — PbSO, + 2H,0 2.1 35 800
nickel—alkaline M + 20H" — M(OH), + 2~ INIO(OH) + 2H,0 + 2¢~ — 2Ni(OH), + 20H"
M= Cd 1.3 35 700—2000
M =Zn 1.6 70—120 500
M = Fe 1.4 30—350 3000
or
2MH + OH — 2 M + H,O + 2e” 1.2 75 600—1000
or
H; + 20H — 2H,0 + 2e~ 1.2 60 6000
lithium-ion LiCs — Lit + e MO, + Lit + e~ — LiMO, 2.5—45 150 1200
(M = Co, Ni, Mn, V)
high T-sodium 2Na — 2Na' + 2e~ 2Na” + 2e + xS — NasS, 2.1 170 1800
or
2Na" + 2e” + NiCl, — Ni + 2NaCl 2.6 115
liquid flow Zn — 2Zn*" + 2 Br, + 2¢ — 2Br 1.3 1000
or or
VI — VI 4 e VO," 4+ 2H " + e — VO*' + H,0 1.6 29
metal—air Zn — 27Zn*" + 2¢ 0O; + 2H,0 + 4e¢” — 40H 1.2 300 0

“Data taken from refs 87 and 88. ” Theoretical limiting energy densities: lead—acid, 252; nickel—alkaline, 240—300; lithium-ion, 400;
high T-sodium 750—790; metal—air, Li 13000, Cd 4600, Mg 6800, Al 8100, Zn 1300, Fe 1200 (note: these quoted energy densities do not correct
for the weight of the metal oxide product at the cathode; when this is included, the energy densities of all of these metal air batteries is greatly
reduced).

=
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Oxidation and Reduction

4

paonpaJ aq 01 s3I

Reduction
Hg“fac{) +2e Hg(f)t
Ag*(aq) + e Ag(s)
Hgs""(aq) + 2 &~ 2 Hg ()
Fe**(aq) + e~ Fe?* (aq)
Iaisy + 2 e” 21 (aq)
Os(g) + 2 HaO(f) + 4+ 4 OH™ (aq)
Cut*(agq) + 2 e” Cu(s)
Snit(ag) + 2 e” sn*{aq)
ZHaO (aq) + 2 & Heo(g) + 2 H2O(£)
Sn¥*iaq) + 2 e” Snis)
Ni®*(aq) + 2 e~ Miis)
Vit(ag) + e Vitiaq)

PhSOyis) + 2 e~
Cd**(aq) + 2 e
FEE*(aq‘; +2e
In**jaq) + 2 e”
2 HoO () + 2 e~
ﬁ]“faqj +3e
Mg2tiaq) + 2 e”
Na*jaq) + e
K*(aq) + e~
Litiaq) + e

Noble metals: Do not like to be reduced. Stable in water
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Feis)
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Haig) + 2 OH (aq)
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Mgis)
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Li(s)

T P

Agtiag) + e
Hgf*(aq‘; +2e”
Fe**(aq) + e~
Iaisy + 2 &

Do) + 2 HoOd) + 4 &7

Cutaq) + 2 e~
Snit(ag) +2 e

i H' " [aq) F 2o

sn¥*iaq) + 2 e”
Ni®*(aq) + 2 e~
Vitiaq) + e
PhEC,is) + 2 e~
Cd**(aq) + 2 e~
FEE*(aq) +2e
In®*jaqg) + 2 e
? Hoo () + 2 &~
_-*d”faqj +3e
Mg*tiaq) + 2 e”
Na*jaq) + e
K*(aq) + e~
Litiaq) + e
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Energy storage

« Chemical energy storage:
— E.g. lead-acid batteries: most
common and oldest battery
type (invented 1859 by Plante)

 Discharge/charge:

Pb + SO — PbSO4 +2e~ |-0,36V
PbO, + SO +4H" +2e —» PbSO4 +2H,0 |[+1,68V

E) =168V —(-036V)=204V

« Maximum theoretical potential 2.04 VV
* Relatively inexpensive: $0.15/Wh

 Low specific energy density (30-40 Wh/kg), due to high
molecular weight of lead-acid
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Energy storage

5

Y

* Chemical energy storage: i P ——
— E.g. Li-ion batteries: 5 4 e B
» Battery of choice in portable s H s,
applications § 21
. . o | Li,TisOy3
* Various material systems T bl s
I i i Graphite
possible, most famous: o
. - 0 100 200 300 400
L|XC002 Wlth around 42 V Capacity (mAh/g)
- . Positive Charge Negative
. DISChaI'QE/ charge. Elecirode Discharge Electrode
LICQ L|+ + e - o |.ix~Li+ %—
CoO, + Li* + e > LiCoO, —— S~ L

Legend: ¢ Metal Lithium Oxygen I Graphic layers

« Specific energy density (100-265 Wh/kg)
epeL * Prize: $0.4/Wh
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Energy storage

« Comparison lead acid and L1 ion batteries - Technical specifications

Flooded lead acid VRLA lead acid Lithium-ion
(LINCM)
Energy Density (WI/L) 80 100 250
mmm || Specific Energy (Whkg) 30 40 150
ves No No
Initial Cost ($/kWh) 65 120 600'
- l Cycle Life 1.200 @ 50% 1.000 @ 50% DoD 1.900 @ 80% DoD
_Typical State of charge 50% 50% 80%
window
Temperature sensitivity Degrades significantly | Degrades significantly | Degrades significantly
above 25°C above 25°C above 45°C
Efficiency 100% (@20-hr rate 100% (@?20-hr rate 100% (@?20-hr rate
80% (@4-hr rate 80% (@4-hr rate 99% (@4-hr rate
60% (@1-hr rate 60% (@1-hr rate 92% (@1-hr rate
Voltage increments 2V 2V 3.7V
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Energy storage

« Chemical energy storage:
— Battery markets according to revenue:

— Prices, e.g. Li

Frost & Sullivan (2009)

0, 0%
50/0 30/0 30/0 2 /0 1 0

6% »
8% ¢ /

a 37%

20%

@ Lithium-ion (37%) W SL| (Starter Battery)(20%) B Alkaline (15%)
@ Stationary Lead Acid (8%) O Primary Carbon Zinc(6%) @ Deep Cycle Lead Acid (5%)

B Nickel Metal Hydride (3%) O Primary Lithium (3%) @ Nickel Cadmium (2%)
.On @ Other (1%)
I L]
600 | T3
500 2.5
400 1 T2
-E‘ = freedoniagroup.com
2 300 ¢ 15 -
un
=
Eﬁ 200 1 T1
=
100 0.5
] 0
9| B2 |83 |94 |9 | '9s | 'e7 (92 (g (00 ('O (02 [ 'D3 |04 | DS
|1} ] 204 (202|280 (2080 (274 (281 (202 (321 (2343 (226 (428 (471 (471 (514 (514
sl i g 28 | 90 |03 |13 | 414 (419 (123 (135 (143 (159 (172 (180 (183 | 202 | 202
g || SEAN R DT |2E3 209175171 (1.24/095 (0.5 (051 (042 (035 (035033031 (028
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Energy storage

« Chemical energy storage:
— Redox flow batteries:

Involve a gaseous or liquid fuel in one or both of the electrochemical
half reactions. Flow battery technology utilizes an active element in a
liquid electrolyte that is pumped through a membrane similar to a fuel
cell to produce an electrical current. Pumping in one direction produces
power from the battery, and reversing the flow with an external energy
supply charges the system

lon Exchange Electrolyte
Membrane > Flow

N

FPower Out

A"
Electrode l l Electrode

Electrolyte TEI'I-HE

M
U
1
r

RE, Haussener| May, 2024



Energy storage

« Chemical energy storage:
— Flow batteries: e.g. Vanadium-based

Sink/Source

=PrL
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Energy storage

* Vanadium flow battery system at EPFL.: lepa.epfl.ch

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE
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Renewable Energy

e Qutline:

— Why energy storage

— Overview over approaches

— Energy storage:
« Pumped hydro energy storage
« Compressed air energy storage
* Flywheels
« Thermal energy storage
« Chemical energy storage

M
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Comparison

« Economics: Table 173

Estimated Capital Costs for Representative Energy Storage Systems for Supplying Electric Power

Tvpical Size

Systerm Range (MW.) SKW, $kW.h
Pumped hydropower 100-1000 600-1000 10-15
Bali_f;de-:cid 0.5-100 100-200 1530-300
Nickel-metal hydride 0.5-30 200—40{{))
Lithium ion 0.5-50 200-40
Mechanical flywheels 1-10 %00—500 100-800
Compressed-air energy storage ( CAES) 50-1,000 500-1,000 10-15
Superconducting magnetic energy storage (SMES) 10-1,000 300-1,000 300-3.000
Supercapacitors 1-10 300 3,600

Seurces: Turkenburg et al. (2000); Schoenung et al. (1996); Boes, Goldstein, and Nix (2000).

Figure 8: LCOE in the "breakthrough" scenario in 2013 and 2050

1200 = mm oo m oo oo o e mmmmmm e m e m e
5
S 1000 - mmm o o
S~
a
v
=)
> 2
S
T IEA, Technology roadmap,
- Energy storage, 2014.
L s
%]
S A00 mmmmmmmmm o e
-
2
o e 0
: : : : : : :
0
PSH Hydrogen CAES Sodium-Sulphur Lead-Acid Vanadium Redox  Lithium-ion
PFI Current cost range  =m=2DS cost target =~ ==e==Breakthrough cost target
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Comparison

e Cost:

2,000 — -
1,800 %

1,200

A
CAES, WR=0.7-0.8 ~
HR=4.2 G]/MWh

+11] 1 | — ? ............................ ; ................ § .......... ;mmémmmmmmmmmé ......................... L
L e e e e e

7 1) || SO ; ............................ % ................ % ........... s rmmmmmmmmﬂmmmmmmmmmémsT

Power-specific capital cost ($/kW)

1 0(,5 10 50 100 200 400 700

Energy-specific capital cost ($/kWh)

Safaei H. and Keith D.W., How much bulk energy storage is needed to decarbonise electricity?, Energy Env. Sci., 8:3409-3417, 2015

=PrL
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Comparison

e Cost: Short TS : Medium TS Long TS
oSt: } ,
I I
I I
10.00 .‘ i
I I
I I
I I
I I
— | :
i } :
I
Abdon A. et al., Techno-economic and environmental g 1.00 I :
assessment of stationary electricity storage 5‘ ‘. i
technologies for different time scales, Energy, = I :
139:1173-1187, 2017 = } :
uh | |
— i I
S ‘ i
‘ |
=1 0.10 4 i i
; I
i }
I I
| |
[ I
[ i
I I
| !
|
0.01 T { ’ |
Wi , WV o = W , W o = W o
- g g - a = g E o a - ™~
e ]} E b - U E b - E
a @ a @ o
Short TS Medium TS Long TS
0.01h 45h 2'160 h
100 MW
Number of Cycles 20 per day 1 per day 1 per year
Annual Electricity Supply from Storage 8091 MWh 164'250 MWh 216’000 MWh

A
Day ight

#

mer Winter
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Comparison

facility and materials
Long

electricity

Contribution

Medium

Short

* Environmental impact

- dZHZd amsiwissad
- dZHZd ansiundo
- SHd NsiwIssad

- SHd alsiwnRdo

- Juspeg QL onsiwIssad
- fuapeg oL ansiwndo
- dZHZdIAsIuIssad

- dZHZdnsiundo

- SIVOVY Jlsiissad

- SIVOVY ansundo

- SHddlsiuIsSsSad

- SHdlsiwpdo

- fuapeg 017 onsiwIssad
- luapeg 017 ansiwRdo
- dZHZd msiwIssad

- dZHZd ansiundo

- S3VOVY JNsILISSad

- S3VOVY answndo

- SHdlsiwIssad

- SHdanswndQ
I | | ' | I I I I
coocooocoocoo o
= E=-E-R=-E=-R=-E=)
O~ONHTON
(UMB) suoissiwg OHO 9jPAD &N

Abdon A. et al., Techno-economic and environmental assessment of stationary electricity

storage technologies for different time scales, Energy, 139:1173-1187, 2017
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Comparison

« Environmental impact:

the ratio of the total electrical energy stored over the lifetime of a
storage technology to its embodied primary energy

240
210
200 -
150 -
50 -
10
0 - e 3 32
[ | ! [

| I |
CAES PHS Lilon NaS VRB ZnBr PbA

ESOI
2
|

Barnart C.J. and Benson S.M., On the importance of reducing the energetic and material
demands of electrical energy storage, Energy Env. Sci., 6:1083-1092, 2013

=PrL
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Comparison

« Maturity:

Flow batteries
Flywheel (high speed)
Maolten salt

% Flywheel (low speed)
Supercapacitor

lce storage Sodium-sul phur (Nas) batteries

Lithium-based batteries

Superconducting magnetic
energy storage (SMES)

Adiabatic CAES

Hydrogen Compressed air energy storage (CAES)
Synthetic natural gas Residential hot water
heaters with storage Underground thermal
Thermochemical energy storage (UTES)

Cold water storage
Pitstorage

Capital requirement x technology risk

Pumped Storage Hyd ropower (PSH)

Research and development Demaonstration and deployment Commercialisation

Current maturity level

& Electricity storage ) Thermal storage

Source: Decourt, B. and R. Debarre (2013), “Electricity storage”, Factbook, Schlumberger Business Consulting Energy Institute, Paris,
France and Paksoy, H. (2013), “Thermal Energy 5torage Today” presented at the IEA Energy Storage Technology Roadmap Stakeholder
Engagement Workshop, Paris, France, 14 February.

IEA, Technology roadmap, Energy storage, 2014.
cPrL
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Comparison

« Currently installed capacity:

Figure 4: Current global installed grid-connected electricity storage capacity (MW)

Lithium-ion 100

Lead-acid 70

_Nickel-cadmium 27

Sodium-sulphur Flywheel 25
304 =

“\_Redox-flow 10

P5H 140 000 her 976

CAES 440

Source: IEA analysis and EPRI (Electric Power Research Institute) (2010), “Electrical Energy Storage Technology Options”, Report, EPRI,
Palo Alto, California.

IEA, Technology roadmap, Energy storage, 2014.
cPrL
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Pumped storage hydro

US EIA Historical Statistics

 Installed capacity ..

Romania =
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Comparison

 Storage time:

batteries
flywheels
SMES
capacitors
-3 =2 =1 0
60 0.6 6 1

E PFL msec sec sec min

solar, other renewable

peak shaving

fuels

compressed air
]

pumped hydro

1 2 3 4
log time (mins)
10 1.7 ( 6.9
min hr hr days

Cook et al., Chem. Rev., 110, 2010.

S 6
69 1.9
days yrs
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Comparison

« Power and energy density:

107
5

|

2

Electrochemical
10¢ Capacitors

(4]

IILLBLLLLLL

Advanced

Flywheels

Conventional
Flywheels

b
o N
w

TN R

Methanol

(4]

Gasoline

Power Density Wekg—1
N

(8]
3 1 AES

H, ICE

L

1 L L LI | L LI [ I A 41 | B LU L L LI

1022 s 10'2 5 1 2 8 102 85 102 5 10°2 s 10*
Energy Density Whekg~1

Cook et al., Chem. Rev., 110, 2010.
=PrL

RE, Haussener| May, 2024 64/65



_earning outcomes of todays lecture

* Energy storage:
— Why Is energy storage vital for a future energy economy

— What storage options are useful for what energy and power
densities and what time-scales?

— General working principle of storage technologies:
« Pumped hydro energy storage
« Compressed air energy storage
* Flywheels
« Thermal energy storage (sensible, latent, thermochemical)

« Chemical energy storage (fuels, batteries, flow batteries,
capacitors)
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Energy storage

e Literature
— Books and review articles:

 Tester et al., Sustainable energy: Choosing among options, MIT
press, 2" edition, 2012.

* Rosen et al., Energy storage, Nova Publishers, 2012.

» Cook et al., Solar Energy Supply and Storage for the Legacy and
Nonlegacy Worlds, Chemical Reviews, vol. 110, pp. 6474-6502,
2010.
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