


+ 700 minds working on
accelerating the energy
transition

8 roadmaps shaped by
government, industry
and research

We do:

Technology
development for the
benefit of society and
industry

Technology transfer to
the market

System analyses and
(market) integration

Societal perception
Regulatory framework
Independent and applied

ECN part of TNO

...T{; Towards large-scale generation of WIND ENERGY

% ‘ Towards a societally embedded ENERGY TRANSITION

EE.\ Towards an energy-generating BUILT ENVIRONMENT
A

iﬁé Towards CO, -neutral FUELS and FEEDSTOCK
- J

A Towards a CO,-neutral INDUSTRY

W
\ \ Geological Survey of the Netherlands (GDN)

Towards a reliable and sustainable ENERGY SYSTEM
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Dunkelflaute

Januar 2017, 10 Tage ,,Dunkelflaute”:
Kaum Stromerzeugung durch Windkraft und Sonne

Strombedarf

.Dunkelflaute*

R TP T —— [Py S

CBS: Bruto finaal energieverbruik (2016) 2090 peta (E15) Joule

Geen PV
Geen wind



Need for storage

Jaarlijks gas- en elektriciteitsverbruik
10
= Trendlijn gasverbruik 2016
= Elektriciteitsverbruik 2016

e —

Water heating
5%

= Gasverbruik strenge winter (2012)
g Heating
o and heating Process
8 cooling 26% | heating
o 51% ‘ 15%
Cooking
2%

Bron: EnTranCe, 2017
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2018 (Heat 2050)
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Work programme

ESTMAP
EzK 2018 (H. 2050)

Dutch studies on flexibility
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Need for large scale storage

Applications Technology Siting
1 Seascnal
—_—— Inter-seasonal | Storege EREU
Lai‘ge-scale Lf*"*’ qtnrage
wind PV: -
grid support | fem & 100 MW
5 s
™ TR
2 = gg SE a 10 MW -
@ w0 NN = o
E 2 e £
= S = e © ‘T
2 c3 B = 1MW &
g > D B g—
5 Small-scale fpm| o E’_ UTES
2 wind PV: ‘ Lo 2 (Sensible heat
= grid support storage)
10 kW
Offgrid/
end-user
self cons. 1kwW
Microsecond Second Minute Hour ~ Day  Week Season Microsecond Second Minute Hour  Day  Week Season
Discharge duration Discharge duration

Note: CAES = compressed air energy storage; PHS = pumped hydro energy storage.

_ Largest battery CAES in single cavern H2 in single cavern

Volume [MWh] 2900 120 000
Jamestown (Aus) Mclntosh (US) Moss Bluff (US)

Heat




CAES

Electricity from
the grid

Electricity to
the grid

Proven technoloqgy. Research is

location specific

2 plants operational (Huntorf, 321
MW, Mclintosh, 110 MW)

New projects planned (Larne, 330
MW, 2GWh and Bethel Energy
Center in Texas, 371 MW, 30 GWh)

Heat from natural gas

Potential




CAES

Potential

Elecricity fo Challenge in creating storage space

Electricity from the grid

the grid -’ Difficult to value the technology

Geographical limitations: salt deposits
between 500m (due to pressure) and
1500m (due to temperature)

0.55 TWh Northern Netherlands (306
caverns)

Fast response system (active frequency
containment reserves)




ENERGY
STORAGE

Global Conference

24 - 26 October 2018

WWW.eSEC.OrNg
Follow us and live tweet #ES5GC2018

AA-CAES

Advanced Adiabatic CAES

Potential

generato} :
e i | - Carbon reqluctlon compared
energy storage iy to conventional CAES

s
lcompressor » 7

~7

e

TRL

I
: e

| e - 0.55 TWh Northern

;\ ~ } I 2

. l w“:‘n

= =

T — Netherlands (306 caverns)

« Challenge in creating
storage space (i.e. caverns) Market

« Geographical limitations

caverns
!

Cost

YOYO



X ENERGY
WWW.ESEC.0rg C}% § g‘[Cl)CR/?\G E
Follow us and live tweet #E5GC2018 %_ = 24 - 26 October 2018

AA-CAES

Advanced Adiabatic CAES

*  Focus on highly efficient low
cost thermal storage tech?

* No large demonstration
7 projects in salt caverns

icompressor 2% 1 - One 660 kW under water

Potential

thermal turbine
energy storage

generato} ! J

y
% W

i pilot at Toronto Island TRL
h:y:;‘alr’ intake filter (Hy d rostor)
* Adele (Germany) on hold,
reverted to classic CAES \VEYd =

* Hydrostor planned projects
in Canada (1.75 MW in

) 2018) and Australia (5SMW

in 2019) Cost

: « Storelectric no pilot planned
Source: Adele project

'EASE-EERA roadmap .é:.. g



Adiabatische CAES

Work input 0.0

KWh Charging
Airin
. Pressurized
- C, Air Store
. = Pressure =
L 20.3 bar
500 W B
o Air in
300
Temperature
(K)




ENERGY
STORAGE

Global Conference
24 - 26 October 2018

2 -
WWW.ESEC.Org %z =
Follow us and live tweet #ESGC2018 %_ =

Hydrogen Storage Caverns

Potential

«  Mostly locations specific
research questions remain,

TRL

- Effect of dense clustering of
salt caverns and cyclic
operations on the
subsurface

« Pure hydrogen salt cavern
storage on four locations in
the world

} \ETL G

Cost

Source: Storengy
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ENERGY
STORAGE

Global Conference
24 - 26 October 2018

= o~
WWW.ESEC.Org "%’é
Follow us and live tweet #ESGC2018 %_ =

Hydrogen Storage Caverns

Potential

* Business case of hydrogen
storage for electricity
market is due to round trip | TRL
efficiency not feasibile vet

« Current hydrogen storages
serve as feedstock storages

Source: Storengy




/outcavernes in hederland
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Potentieel exploratie en winning steenzout op land
(April 2014)

Zechstein steenzout dieper dan 1500m
[ Dikte verwaarloosbaar

[1 Zeer beperkt potentieel: dikte <200m
[ Matig potentieel: dikte 200-500m
B Goed potentieel: dikte >500m)

Zechstein steenzout mogelijk gunstig voor aanleg cavernes
Gunstig: stabiele zoutdikte > 300 m
Matig gunstig. stabiele zoutdikte < 300 m

Trias steenzout met mogelijkheden voor aanleg kieine cavernes

Zeer beperkt potentieel. te diep en/of te dun
2/, Redelijk potentieel: diepte <1000m en dikte >25m

SR
-

- opvIS Spdy' by TNO/EBN

Projecte; Rijksdriehoekstelse)

T
000

OPVIS study by TNO/EBN, 2018

+
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Winningsplan Twenthe-Rhijn, Nouryon, 2003

Waterstof ook mogelijk



Hydrogen Storage Gas Fields

* Many questions remain:
— top seal
— Quality at surface

— microbiological and
chemical conversions

— mobility and mixing
— material interactions

— cushion gas
specifications

* Pilot in Austria (SunStore,
2015), 10% H,

* Pilot in Argentina (Diadema
2009), 10% H,

* Methanation occurs, 82% of
hydrogen retrieved
(SunStore)

Potential

TRL

Market

Cost




Oil and Gas i
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Opslag in gasvelden

e Sythetische studie

MLSCH2 [jun 01,2053 04:48:00]
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Productie H2

Gas Composition, Scenario 1
1,2
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CH4 , scenario 1 H2,scenariol e - -



Ander scenario

BHP(Bar)

Gas Injection and Production, Scenario 5
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Ander scenario
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Gedrag van waterstof in put

100% H2 100% H2
TVD = 3050 [m] TVD = 3050 [m]
PBH = 267 bar 14 | | PB‘H =13 bar | |
420 T T T T T T _
——ID = 0.1905 [m] ——1D = 0.1905 [m]|
400 - 12+ i
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10} |
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s T s |
Es4o - =
= =
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Pumped hydro

Motor/Generator unit &

)

Pump/Turbine unit

——+ Water-flow direction during charging ' \ ——e
—* water-flow direction during discharging

<, Rotation direction during charging \ Lo
<, Rotation direction during discharging




Stabilisatie Net

Electrical
Loads or
consumers

Power transformer

Wind turbines

Upper reservoir

Iberdrola

—+  Direction of electric flow

—_— Direction of water flow

Lower reservoir

La Muela, Spain 1,516 MW 23 GWh



Andere mogelijkheden 444

Okinawa Yanbaru, Japan ﬁ _;,'. X
1998 (not in operation) : — Transformation of mines into PSP

i

Bij zee

(&)

feropean Association
for Storage of Energy

Iberdrola )
mijnen



Waar in Europa ?
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i Topology 1:
| theoretical potential, 20-km scenario
|
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WWW.ESEC.Org "%’Eﬂ
Follow us and live tweet #ESGC2018 %_ =

Thermal energy storage

ENERGY
STORAGE

Global Conference

24 - 256 October 2018

*  Potential location .
dependent and very much | Zexi=iakilz]

technology dependent
(combination)

+  Geology
— Mines
— Aquifers
— Groundwater

Source: heatstore.eu




ENERGY
STORAGE

Global Conference
24 - 26 October 2018

WWW.eSEC.OrNg
Follow us and live tweet #ES5GC2018

Thermal energy storage

* Not proven for high _
temperatures Potential

« Target efficiency of 75%

« Grid integration requires
optimization

Source: heatstore.eu




POLICY

ENERGY
STORAGE

Global Conference
24 - 26 October 2018

WWW.eSEC.OrNg
Follow us and live tweet #ES5GC2018
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Thermal energy storage

+ Heating grids seasonal

~ Less peak Potential
— Less infra
— Power to heat

*  Very good combination with TRL

low marginal cost of heat

- Among lowest cost of large
scale storage

Source: heatstore.eu




Opslag thuis

PV production per year
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Zwavelzuur

Vanadium Redox Flow

\Ilu
Vst

\
1

Electrode Electrolyte Tank r
v v |

.~
Pump

Power Source

Andere voorbeelden

Zink-Broom
polysulfide-broom

Australian&

VANADILIM
LIMITED

Ontladen V2+->V3+

Laden V3+->V2*

V5+_>V4+

V4+_>V5+



example

* Discharge reaction
* C*4+e — C* (reduction)
* K¥* — K™ + e (oxidation)
* Charge reaction
* C** -+ C'" +e (oxidation)
* A" 4+¢ A" (reduction)




Cost prediction battery technology

Manufacturing Costs Are—and Are Expected to Continue—Falling

21,000 l
® Historical/Past Estimates
$800 . B Projected Estimates
£
E . Trend Line
g N
(]
- té)ﬁ $600 ]
e TP =
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gg%
E" [ra1 £400 »
= E L
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' ]
$200 Battery Cost Goal -

S0 . . . . . + ; T . - . i T T T T 1 T T 1
20010 2012 2014 2018 2018 2020 2022 2024 2028 2028 2030



Opslag als waterstof

Oxygen

Electrolyzer - Fuel Cell
Hydrogen Storage
Solar to Hydrogen

Electrolyse unit bij flatgebouw.



Warmte Batteri]

Zomer:
Zonneboiler/warmtepomp warmte > drogen zouten

Winter:
Bevochtigen zout > warmte opwekking

Voordelen: geen verlies, seizoen opslag
Vervanging CV bij hydride systeem luchtwarmtepomp.




Principe warmteopslag

CHARGE Loading:

| . +heat — r"‘ i | CaCl,-6H,0 + heat > CaCl,-2H,0 + 4H,0

STORE Q

Storage:
r i CaCl, separate from H,O
DISCHARGE @

Unloading:
r+i —> .+heat

CaCl,2H,0 + 4H,0 = CaCl,"6H,0 + heat

Source: ECN, the Netherlands



Case — Thermochemical storage, passive house

) Heating demand 2020: 20GJ/year ~>°>° K"

(prognosis continental climate)
» Storage for cold season 10GJ
) TCM volume ~10m?3 (=1GJ/m?3)
) Solar collectors ~17m? (~1.2GJ/m2y)
» Solar boiler for short term storage & delivery

1400 —&— Needed
—&— Solar

1 zooc. ---=x--= Deficient Source: Solarpraxis AG
---+---Stored

10008
800
600 }

Power [W)]

400

200 +
Vi

0

Month [Number]

www.merits.eu | ()

0O



Warmteopslag in ondiepe ondergrond

Zomer 2018

Passieve koeling

Ontrekking/opslag
warmte

Warmwater opslag



Boormonsterprofiel

|denfificatie:
Codrdinaten:
Maaiveld:
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Fig. 10. Temperature response of the infinite and finite spiral source models

(Y Man et all)



Bodem Warmte Wisselaar

gesloten bronsysteem

Horizontaal BodemWarmteWisselaar (HBWW)

Ook samen met Thermische energie uit opperviaktewater (TEO)



Conclusie

* Er zijn veel ontwikkelingen aan de gang rond energie opslag
* Veel is nog onduidelijk, welk scenario waar zal plaatsvinden.

* Eris ook zeker behoefte aan natuurkunde studenten.



