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EPFL  Goals o

* Classify energy storage technologies by
type, with their characteristics

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch N

* Derive their efficiencies (charge,
discharge and round-trip)

* Explain the importance of energy
storage in the future energy system
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=PFL  Introduction

Some renewable energies are variable, not all (biomass, geothermal) !

Solar and wind energy are variable... and subject to fast variations!

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch
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=PFL  Introduction

= Luckily:
e Complementarity of sun & wind

* Demand: efficiency & demand-side management
* Variability # Uncertainty = forecasts

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

Daily production Solar and Wind

year 2012
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Introduction

“Decoupling of energy supply
and demand”

e Efficient use of resources
* Variable renewables

* Self
consumption/production

* Grid stability & peaks
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Introduction

stored energy

= Charging efficiency = =
Charging efficiency energy put into the storage ncharge

energy retrieved from the storage

= Discharging efficiency = stored energy

energy retrieved from the storage

= Round-trip efficiency =

energy put into the storage

= Ndischarge

= Ncharge X Ndischarge
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Introduction

= Storage CONSUMES electricity
(0.3% of all electricity generated
in the US)

= Charging and discharging losses

= Self-discharge losses (ex :
batteries, thermal accumulators)

v

Net electricity generation by technology in the US for 201¢

Natural Gas ||| 3492 Wn
coal || G 47 T
Nuclear ||| G 005 TWh
Hydro || 2675 Twh
wind || 226 4 TWh
Other |GG 09 T™wn
solar ||| GG 352 twn
Biomass ||| 346 Twn
Geothermal || 5.8 Twn
-6.7 TWh - Energy Storage

Copyright Joshua D, Rhodes, PhD | Energy In ¢. The University of Texas at Austin | @ joshdr§3

[ I T T T T 1
=10 -1 0 | 10 100 1500

Net electricity generated in the US (TWh)

*EIA F860 & F923 data. Net = (output - input)
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=PFL  Introduction

* Response & discharge time : storage can be used for storing energy over minutes,
hours, weeks and months

A

16w
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100 MW

10 MW

(T&D)

1MW

Capacity

100 kW

Transmission and distribution Supply

10 kW

1kw

Demand

v

T T 1 T T T
Microsecond Second Minute Hour Day Week Month
Discharge duration
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Can CHARGE and DISCHARGE faster

Introduction

* Power density = how fast energy can be stored and discharged, expressed in W/kg
* Energy density = how much energy can be stored, in J/m3 or in J/kg

Duration of discharge

1 year

1 month

1 week

1 day

1h

1 min

\ Annual demand for electricity Household
of households* (2 persons)
2,9 MWh/a

Heat storage s

ez i

o Y
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S e .

Sodium-
Batteries Lead- sulfur
acid

Lithium-ion:

Capacitors

Superconducting magnetic
energy storage

1 kWh 1 MWh

— can store MORE ENERGY

Village City of Regensburg Major city: Berlin
(100 inhabitants) (150.000 Iinh.) (3,5 Mill. Inh.)
145 MWh/a 217 GWh/a 5,1 TWh/a
Power-to-gas
District Aquifers
heating (methane)
storage

1 GWh

Caverns
(methane, hydrogen)

Pumped hydro storage

Compressed air energy storage

(caverns)

' } Chemical
i ‘: Thermal

Mechanical

| Electrochemical
| Electromagnetical
| Electrical

* Without industry, trade, commerce and services.
Demand per person: 1,45 MWh/a.

Data clouds indicate areas of existing facilities in Germany
© Thema, Sterner, FENES, OTH Regensburg, 2014

1TWh

-van.nguyen@epfl.ch
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Storage technologies

Mechanical
Thermal
Electrochemical
Chemical
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ePFL  Classification

= Mechanical (potential/kinetic) = Thermal (sensible/latent)

Component Details.

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

= Electrochemical = Chemical

H,

(storage.
optona)
CARBON SOURCE co,/co METHANATION MOBILITY
(biomass, industrial process) (biological or catalytic) H (gas vehicles)
‘.
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Classification

]

Pumped Hydro
- Energy Storage
(PHES)

H

Gravity storage
technologies

H

|| Compressed Air
Energy Storage

H

— Flywheels

[

Electrochemical

Electrical

Super
capacitors

~

| Temperature
(NaS, NaNiCl,)
Aenem——————

|_| Zinc Batteries -
Zn-Air, ZnMn0,

S —

. Sensible-
¥ Advafcae%t.:d Acid N
Chilled Water
L \.
T " Latent-ice
Storage, Phase
—{(LCO, LMO, LFP, B Change
NMC, NCA) | Materials (PCM)
a
Flow Batteries :
. Thermochemical
—] (Zinc Bromine, Storage
Vanadium)
High

Superconducting
Magnetic Energy
Storage{SMES)

Hydrogen based
storage

r—
Power-to -

= Power (Fuel
Cells, etc)

N —

 ——

- Power-to-Gas

S —
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Classification

ELECTROCHEMICAL

CHEMICAL

Flow batteries

Flywheel (high speed)

Superconducting magnetic
energy storage (SMES)

Adiabatic CAES
Hydrogen

Synthetic natural gas

Thermochemical

Capital requirement x technology risk

Supercapacitor

ELECTROCHEMICAL

MECHANICAL MECHANICAL

Lithium-based batteries

g\o Flywheel (low speed)

Ice storage Sodium-sulphur (NaS) batteries

Molten salt

Compressed air energy storage (CAES)

Residential hot water
heaters with storage Underground thermal

energy storage (UTES)

Cold water storage
Pit storage

Pumped Storage Hydropower (PSH)

Research and development

o

Demonstration and deployment Commercialisation
Current maturity level

Electricity storage & Thermal storage

v
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Classification

HEAT

POWER

RESOURCES

STORAGE

POWER n ‘

FUELS “EE ‘
i= '
5
DEMANDS
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Mechanical storage

Pumped hydro
Compressed air

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch
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The concept

RESOURCES

MECHANICAL STORAGE

(potential, kinetic)

POWER n ‘

STORAGE

DEMANDS



=PFL - Mechanical
- Pumped hydro

Mechanical storage — widespread technology (90% of all electricity storage)

Round-trip efficiency : 70 to 85%, one of the most efficient so far !

Low energy density — 0.5-5 kWh/m3 of water! <> 200 m3 of water to store 1 MWh !

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

Low power density

Pumped-Storage Plant . = =St

Reservoir

Elevator

Main Access Tunnel

. =Surge Chamber
Discharge

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

Powerplant Chamber
Breakers

Transformer Vault
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Mechanical

14000

12000

10000

8000

4000

2000

0
0

Pumped hydro

Day/night dynamics + seasonal
4 TWh,/y consumed (2017-2021)
3+ GW, installed capacity (2017-2021)

15.3.2017

Mw

21.6.2017 20.9.2017 20.12.2017

0 6 12 18 24

0 6 1218 24 0 6 12 18 24 0 6 12 18 24

Verbrauch, Einfuhr, Ausfuhr

Consommation, importation,
exportation

. Ausfuhriiberschuss
Solde exportateur

Verbrauch der Speicherpumpen

Consommation pour le pompage
d'accumulation

ﬂ]] Einfuhriiberschuss
Solde importateur

Landesverbrauch ohne
Verbrauch der Speicherpumpen
Consommation du pays

sans pompage

100

90

80

70

60

50 —

40

30

20

10

948 GWh

=

o

7716 GWh

fl.ch
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=PFL - Mechanical
- Pumped hydro

New plant in Nant-de-Drance (VS):

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

Upper basin: Vieux Emosson lake,
2225m

Lower basin: Emosson lake, 1930m
6*150 MW, Francis turbines
80% roundtrip efficiency

www.energy-storage.news/20gwh-pumped-hydro-energy-storage-plant-starting-
operations-in-switzerland/

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY
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Mechanical
- Compressed air energy storage

CHARGE DISCHARGE
Concept = Similar to a gas turbine in 2 steps Motor/generator
Air inlet
i i ompressor q

= Fuel combustion to increase the turbine -

. ombustion

inlet temperature Suface S champer € el

Subsurface 7 I

P2
Wmax — pZVZ ln(a) + (pZ — pl)VZ (Not to scale)

Upper seal

Lower seal

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch
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L

Mechanical
- Compressed air energy storage

= Mechanical storage — well-known technology
= Round-trip efficiency : 27% to 70%
= Geographical limitations (caverns), not widespread

= Challenges: turbomachinery design, thermal insulation, temperature levels

Motor/generator
Air inlet
q Compressor

Surface

[e—

Exhaust

Combustion

chamber 4= Fuel

Subsurface

(Not to scale)
Upper seal

Lower seal

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch



=Pl Mechanical
- Compressed air energy storage

= Real-world applications:
* 50-80 bar
¢ 200-300 m?3 per stored Mwh,
<> 200 m?3 of air to store 1 MWh !
e Roundtrip efficiency: 27-70%

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

= Caverns:
* Salt domes, depleted gas fields
e Old tunnels and army bunker

» Pilot adiabatic CAES project in Ticino
e 120m long, 5m diameter tunnel
* 1 MWh stored, RT Efficiency — about 70%

1
L“ -_“_t ’V(_r‘-" 2
Mclntosh (USA): since 1982, 110 MW,

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY
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~ Thermal storage

Sensible
Latent

24
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The concept

HEAT

RESOURCES

THERMAL STORAGE

(sensible, latent)

‘‘‘‘

STORAGE

DEMANDS



£PFL " Thermal "
- Sensible vs Latent

= Sensible Q = mc, AT * Latent Q = mAhghage change

= Concept = we increase/decrease its = Concept = Phase-changing materials
temperature

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

Solid PCM

* /_‘ PCM Material becomes liquid
w —
[

Environmental temperature rises d temp remains

9

DURING DAYTIME
Liquid PCM PCM Material becomes solid

o\

Heat Release
=

3

Environmental temperature falls Managed temperature remains constant

DURING NIGHT-TIME

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY
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=PL  Thermal
- Sensible heat storage

»= Thermal storage — well-known and widespread
technology

= Round-trip efficiency : up to 80-90%

= |[nexpensive, safe, possibly very cheap

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

= Synergies with solar, heat pump

= Challenges: thermal insulation,

» Limited energy density

= Exemple of Torino : 5‘000 m3 capacity, 5000
buildings, 515 km piping, pumps: 340 to 700
kg/s

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY
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Thermal storage

- Sensible, the case of Torino (IT)

= Without heat storage

2013, January 18th DAILY THERMAL DIAGRAM

A

[ANER

T

TTTT

T

T

T

TTTT

TTTT

T

Heat release from
accumulators

Heat Only
Bolilers

+EEHAt A A
PRI ERSAE R SR

i CCGT 3

i Mid-merit

1 ccer2
Mid-merit

CCGT 1
Baseload

Heat storage in

accumulators

T B To—TT— 12 13 14 15 16 17ACCIBMULABORSQHARGE 22 23 0

-:I coceneration [ sorers [ ] accumuators piscuaree [ AccuMuLaTORs cHARGE
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=PFL  Thermal storage
- Sensible, the case of Torino (IT)

= WITH heat storage
= Higher flexibility, allows for less use of gas heaters and boilers

1;’::" .l 2013 December 31th DH thermal diagram

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

1200 ™~

1100

—

Heat release from
accumulators

1000

900

SR T
/T]
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700 - A

500 A% CCGT 3
Mid-merit
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400 - =|  ccot2
Mid-merit

300

200

CCGT 1

100
Baseload

0

e o A\ /

Su— L o L
-100 - \,r' Heat storage in | A \
accumulators o ; ; N
1 T T I A 1 1 1
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-200
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=Pl Thermal
- Latent heat storage

* Thermal storage — usually solid-liquid change

* Round-trip efficiency : up to 80-90%

* Very versatile (different materials)

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

» Higher energy density than sensible

» Challenges: thermal insulation, efficiency
dependent on fluid, cost

= Exemple of Crescent Dunes power plant,
Nevada (USA), and molten salt storage (565°C,
10 hours)
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Electrochemical storage
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=PFL  The concept

ELECTROCHEMICAL
STORAGE (electrons)

POWER n ‘

Electrolyte

Zinc
Copper

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

RESOURCES STORAGE DEMANDS



=PFL  Electrochemical

= Concept = chemical reactions to enable the flow of electrons

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

= Basic principle: e
* Cathode gets reduced (gains electrons)

* Anode gets oxidized (loses electrons) —
: * Flows of electrons between anode and cathode e
Electric cdrrent
5 Electrolyte - W
é ]
Zine—— |
% Copper }1 Element
E D .
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Electrochemical

= Cathode: lithium; Anode: graphite

= Discharge = generating current
* Qutside: electrons from anode (-) to cathode (+)
* Inside: Li+ (cations) from anode to cathode (+) through electrolyte

Electric current I

Positive Negative

Cathode Elactrode N Electrode

Current Collector Current Collector

/ Discharge \
3-D Lattice < 2-D Lattice
(Intercalation electrode)

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch



=PFL  Electrochemical

= Cathode: lithium; Anode: graphite

= Charge = imposing current
e Qutside: electrons from anode (+) to cathode (-)
* Inside: Li+ (cations) from anode (+) to cathode (-) through electrolyte

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

Negative Cathode

Electrode

Current Collector Current Collector

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

3-D Lattice

S 5 2-D Lattice
Charge (Intercalation electrode)



=PFL  Electrochemical

» Electrochemical storage — mature

» Well-suited for small- and large-scale
applications

* Round-trip efficiency : 75-90%

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

= Fast response time

* Challenges: low energy density, self-discharge
issues, materials

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY



=PFL  Electrochemical

Low energy density!
150 Wh/kg = 0.54 MJ/kg

Table 2. Summary of Battery Technologies”

energy density

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

battery anode cathode voltage (V)] Wh-kg " | cycle life
lead—acid Pb + SO,> — PbSO, + 2e~ PbO, + 4 H" + SO,>~ + 2¢e~ — PbSO, + 2H,0 2.1 39 800
nickel—alkaline M + 20H™ — M(OH), + 2e~ 2NiO(OH) + 2H,0 + 2e~ — 2Ni(OH), + 20H"
M= Cd 1.3 35 700—2000
M =Zn 1.6 70—120 500
M = Fe 1.4 30—50 3000
or
> 2MH + OH™ — 2 M + H,0 + 2e~ 1.2 75 600—1000
& or
E H; + 20H™ — 2H,0 + 2e~ 1.2 60 6000
<§( lithium-ion LiCe — Li* + e~ MO, + Li* + e~ — LiMO, 2.5-45 150 1200
z (M = Co, Ni, Mn, V)
% high T-sodium 2Na — 2Na™ + 2e~ 2Nat + 2e~ + xS — Na,S, 2:1 170 1800
Z or
5
2 2Na* + 2e~ + NiCl, — Ni + 2NaCl 2.6 115
>
8 liquid flow ~ Zn — 2Zn** + 2e” Br, + 2¢~ — 2Br~ 13 1000
o) or or
; Vi — V3t e VO,* + 2H* + ¢~ — VO** + H,0 1.6 29
g metal —air Zn — 2Zn?* + 2¢" 0, + 2H,0 + 4~ — 40H" 12 300 0
s
.



£PFL  Electrochemical

® Cylindrical ® Pouch 4 Prismatic

-van.nguyen@epfl.ch

2000 2005 2010 2015 ployle} 2025 S
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Electrochemical

Key facts:
* Efficiencies: 75-95%
* Cost: 300-3500 USD/kW
e Short-term storage

Main types:
* Lead-acid (oldest, 0.15 USD/Wh)
 Lithium-ion
* Sodium-sulphur (NaS)

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch
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Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

New facts:
e Commissioning of a 100 MW/400 MWh vanadium redox flow battery (2022)
Source : www.energy-storage.news/first-phase-of-800mwh-world-biggest-flow-battery-

commissioned-in-china/

For batteries :
* Impact of Russia’s invasion of Ukraine (see: www.iea.org/reports/grid-scale-storage)

* Sensible metals : nickel, cobalt and graphite (Russia accounts for 20% of mined supply of
nickel, large shares of Co and C !)

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY
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STORAGE AREA Chemical storage
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=PFL  The concept

CHEMICAL STORAGE
(fuel)

MOBILITY

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

RESOURCES STORAGE DEMANDS



=PFL Chemical

= Concept = chemical reactions driven by electricity to generate a chemical fuel

= Basic principle: electrolysis + storage + reconversion

ELECTRICITY

- € | -
ok N £ s B

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

By-product Biomass- Imported

based hydrogen electflﬁcatlon Heavy-duty
hydrogen (Power-to-Power)
POWER BUILDINGS ‘%ﬁ
e I 3 I I Ft;el-cell
= —|® s electric
= Co, (CC) 1 TRANspORT  vehicles
Renewable Electrolyser 1 =
ki INDUSTRY 5ts

9 % f_qw % (3 (\ Fuelcell
j;%/ S’t‘orage Methanation Blending Q%;
_ D\ s= ) | B =l B

S ") High-grade  Industry
Grid . heat feedstock Shipping
Gas grid (>650°C)

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY



=PrL  Chemical (power-to-X) )

= Charging: Step 1 — water electrolysis

1 h
Q‘
oT

Resources Electrolysis

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

Excess electricity

H,0 + 2e~ —H, + 0%~
Hydrogen (H,) 2 2

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY
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=PFL Chemical (power-to-X) ;

= Charging: Step 2 — methanation
Hydrogen (H,) Methane (CH,)

o
THW @ '
= @ Q@ @

Resources Electrolysis

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

H,O — Water
H, - Hydrogen
CO, — Carbon Dioxide @

CH, — Methane Methanation

CO + 3H, — CH, + H,0 -206 kJ/mol
CO, +4H, — CH, + 2H,0 -164 k/mol

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY



=PFL Chemical (power-to-X) ;

= Charging: Step 3 — injection & transport

-
Y 2
= o 8§ 0 @

Renewable
Resources Electrolysis

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

H,O — Water
H, - Hydrogen
CO, — Carbon Dioxide @ 5

CH, — Methane Methanation

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY



=PFL Chemical (power-to-X) ;

= Discharging: Step 4 — use

Natural Gas

.
@

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

119,
0@
A\ B
Ree‘;::':ce: Electrolysis

H,O — Water
H, - Hydrogen

CO, — Carbon Dioxide
CH, — Methane

iy

Methanation

©
&

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY



=P7L Chemical (power-to-X) ;

= Overall process

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch
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Major improvement _—
potential, currently ~70% Energy supply for 25%
0% e-mobility
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=PFL  Chemical
- Latent heat storage

= Chemical storage — chemical reactions

= Round-trip efficiency : up to 30-50 %

= Versatile in applications (mobility, power,
heating)

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch

= Challenges: low efficiency, hydrogen storage,
investment cost, maturity of technologies

= Exemple of power-to-gas demonstration
plants (Solothurn)
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Ice storage a

-

Cold water storage

Pumped storage
hydropower
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Roadmap for storage
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Hydrogen CAES  Sodium-Sulphur  Lead-Acid  VanadiumRedox  Lithium-ion

Current costrange ~ =m=2DScost target ~ =0=Breakthrough cost target

IEA 2DS scenario: stochastic
renewables to produce 27-44% of
electricity in 2050 =2 +310 GW
storage

IEA 2DS scenario: cost targets

Few storage units are available at
large-scale with a decent price!
(hydropower and compressed air)

Still a challenge for advanced
batteries and hydrogen
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=PFL Roadmap for storage

= |[RENA: potential for cost reduction of batteries

Figure ES6: Battery electricity storage system installed energy cost reduction potential, 2016-2030

Tuong-Van Nguyen — tuong-van.nguyen@epfl.ch
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Take-home message

Ice storage a
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Pumped storage
hydropower
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Take-home message

= Variable renewables = storage is key!

Pumped storage
hydropower

= Different classifications

e
Thermal storage ia

= Mechanical (potential) tans
* PHES: eff=85%, 1000 m3/MWh
* CAES: eff = 70%, ~200 m3/MWh

= Thermal energy storage (TES)
* Sensible, latent, thermochemical
e Eff =upto 90%
= Electrochemical .“
i

* Short-term, eff = 75-95%, e = 0.1-1 MJ/kg

= Chemical

* Storing excess electricity in fuels = s 'I ,.1 l:.'

* Eff = 25-50%

Cold water storage

54
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