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Institute of Engineering Thermodynamics EDLR

Prof. André Thess, Director

Jorg Piskurek, Vice Director

Computational Electrochemical Energy System Thermal Process
Electrochemistry Energy Integration Technology
Prof. A. Latz Technology Dr. A. Ansar Prof. A.
Prof. A. Friedrich Vandersickel

~ 200 staff in Stuttgart, Koln, Hamburg, and Ulm
~ 27 Mio. EUR annual budget with 50% third party funding

,,We are the scientific pathfinder for the energy storage industry“

Vandersickel, Gutierrez




Institute of Engineering Thermodynamics
Thermal Process Technology

Prof. Annelies Vandersickel

Thermal Thermal Thermal Thermo-
Power Plant Systems Systems with chemical
Components for Fluids Phase Change Systems

Dr. Stefan Zunft Dr. Thomas Bauer Dr. Andrea Gutierrez Dr. Marc Linder

Regenerator and Molten salt Latent heat Thermochemical
solid state storage storage Storage

storage .
PXP storage Chemical Heat

High temperature Pumps
heat exchangers

About 60 people located in Stuttgart & Cologne

Vandersickel, Gutierrez
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Carnot-Batterie: Power to Heat to Power A#y
DLR

Thermal energy Electrical
storage Energy

Power Cycle

o 3

Jonas Tombrink, DLR, Institute of Engineering Thermodynamics, 30.11.2023




Carnot-Batterie: Power to Heat to Power ‘#7
DLR

(fluctuating)
Electrical Thermal energy
Energy storage

Resistive heating
(Joule heating)
{
1 .
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Carnot-Batterie: Power to Heat to Power ‘#7
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(fluctuating)
Electrical Thermal energy Electrical
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Resistive heating Power Cycle
(Joule heating)
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Carnot-Batterie: Power to Heat to Power

(fluctuating)
Electrical
Energy

Limited by Carnot efficiency
(also for ideal implementation):

Tcold
Thot

Ncarnot = 1 —

Real systems: Ny < 40 %

Jonas Tombrink, DLR, Institute of Engineering Thermodynamics, 30.11.2023
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Carnot-Batterie: Power to Heat to Power ‘#7
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(fluctuating)
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Energy storage Energy

Resistive heating Power Cycle
(Joule heating)
I 1 .

Jonas Tombrink, DLR, Institute of Engineering Thermodynamics, 30.11.2023




Carnot-Batterie: Power to Heat to Power ‘#7
DLR

(fluctuating)
Electrical Thermal energy Electrical
Energy storage Energy
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Carnot-Batterie: Power to Heat to Power

(fluctuating)

Electrical
Energy

[
3

Ncarnot = 1- T )
hot Ncarnot

He e
(d
| I T,
cold COP =

Nroundtrip = COP Mcarnot = 1

Real systems: Ny < 70 %

Jonas Tombrink, DLR, Institute of Engineering Thermodynamics, 30.11.2023
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The ideal Carnot-Batterie

DLR
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Rankine and Brayton Carnot Batteries

Rankine Cycle

= Known from coal power plants and
conventional heat pumps

= Working fluid conducts phase
change from liquid to gaseous

» Higher power density
» Useful also for smaller machinery

Jonas Tombrink, DLR, Institute of Engineering Thermodynamics, 30.11.2023
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Rankine and Brayton Carnot Batteries A#y
DLR

Rankine Cycle Brayton Cycle

= Known from coal power plants and = Known from gas turbines

conventional heat pumps = Only gaseous working fluid

= Working fluid conducts phase

o = Lower power density
change from liquid to gaseous

= Useful with large machinery
» Higher power density

» Useful also for smaller machinery

Jonas Tombrink, DLR, Institute of Engineering Thermodynamics, 30.11.2023




Rankine and Brayton Carnot Batteries A#y
DLR

Rankine Cycle Brayton Cycle

= Known from coal power plants and = Known from gas turbines

conventional heat pumps = Only gaseous working fluid

= Working fluid conducts phase
change from liquid to gaseous

* _ower power density

= Useful with large machinery
» Higher power density

» Useful also for smaller machinery

Jonas Tombrink, DLR, Institute of Engineering Thermodynamics, 30.11.2023




CHESTER
Compressed Heat Energy STorage for Energy from Renewable
Sources

Wind / PV

Consumer

Thermal Energy

Stolnes Dispatching

—

Solar Thermal District Heating

Jonas Tombrink, DLR, Institute of Engineering Thermodynamics, 30.11.2023
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Theoretical T-S-Diagramms

Charging Cycle
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Theoretical T-S-Diagramms

DLR
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Theoretical T-S-Diagramms

DLR
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Theoretical T-s-Diagramms
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- Latent and Sensible Thermal Energy Storage crucial for optimized efficiency
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Latent Heat Thermal Energy Storage A#y
DLR

Advantage
*Q » Nearly Isothermal Conditions
SRR OS2 O - Suitable for steam supply e.qg.:
~<k<>x*»—** Solidification (\} Cf_\\ . . PPy €9
e, f;’j ) < ﬁﬁ’;fg\;}"f-‘{ ) = for industrial processes or,
/ /j ) \;"’J/r\/ DS ) i
W \\_j> = for Steam/Organic Rankine cycle to generate
N electricity

= High Energy Density
Qiatent = Ahy,

Jonas Tombrink, DLR, Institute of Engineering Thermodynamics, 30.11.2023




CHESTER - Simplified P&ID
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CHESTER — System Overview

High Temperature Heat Pump

tecnalia J s

» Refrigerant: R1233zd(E)
» Single piston type compressor
* Operating range:
* Heat source: 70-100°C
* Heatsink:  100-150°C
* Heating: 35 kW,, + 25 kW4, (cond. / subc.)
» Cond. temperature achieved: 148°C
« Condenser is the latent heat storage

Combined Latent and Sensible
Thermal Enerqy Storage System

Latent heat-TES:

» Vertical shell-and-tube HX

» Dual-tubes with axial aluminum fins

« Storage capacity: 160 kWh @ 133 °c
* LINO4/KNO; as storage material
Sensible heat-TES:

* Pressurized two-tank system with a hot and
cold water tank

» Pre-heating/subcooling

Jonas Tombrink, DLR, Institute of Engineering Thermodynamics, 30.11.2023
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Organic Rankine Cycle

Refrigerant: R1366mzz(E)
Single piston expander — variable volume

Operating range:

» Heat source: 125 - 135°C
25 - 45°C
10 kW, nominal power output

 Heat sink:



High Temperature Heat Pump Operation

HTHP Operation at 28.06.2022
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Organic Rankine Cycle Operation
DLR

ORC Operation at 10.11.2022
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Temperature in Latent Heat Thermal Energy Storage
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Roundtrip efficiency A#y
DLR

Steady state roundtrip efficiency between
18 % and 37 %

Possible Improvements:

* Improved thermal insulation

* Higher temperatures
» Decreased temperature differences

Jonas Tombrink, DLR, Institute of Engineering Thermodynamics, 30.11.2023




Rankine and Brayton Carnot Batteries A#y
DLR

Rankine Cycle Brayton Cycle

= Known from coal power plants and = Known from gas turbines
conventional heat pumps

» Only gaseous working fluid as

= Working fluid conducts phase air, argon, nitrogen, etc.

change from liquid to solid = Lower power density

= Higher power density = Useful with large machinery
» Useful also for smaller machinery

Jonas Tombrink, DLR, Institute of Engineering Thermodynamics, 30.11.2023



Brayton Carnot Battery
Working principle
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Power-to-heat integration in a Brayton Battery A#y
Cost reduction through additional electrical heating capacity DLR

Belik et al. Techno-economic evaluation of a Brayton Battery configuration with Power-to-Heat extension
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b Charging m W 200 40 ~_
urbine ressor S =
o
o
M ® 100 130
1 LP-HX 4
| LP- m 50 - -25
TES V
0 20

10 12 14 16 18 20
PPZH/MWel

Increased integration of electrical heating capacity (P2H) results in:
» Higher energy density for system
—> cost savings (CAPEX))

» Higher entropy production with higher losses
—> lower roundtrip efficiency

29 Jonas Tombrink, DLR, Institute of Engineering Thermodynamics, 30.11.2023
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Dansk overblik - Energilagring 2023
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Termisk energilagring — Overblik
i

@’ﬁ{* <, a” dua L’}

Termisk lagring Vand Olie Sten Salt... Skalerbar >MWh >timer  Miljgvenlig

Danmarks energiforbrug 2022 [1]

4%

T SRR Fremstilling varmeforbrug (PJ)

9P

29 pJ Ikke energiformal 14 P
Landbrug etc. 180 PJ 275 pJ Rumvarme
Husholdning Varme 13P)
B 17% & <100°C
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Fremstilling ZDP(JJ—150°C
37P)
26% >150°C
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- . 0,2
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,.; 1 -’)"Fy L == 015
i 53% <100°C
86 P) [ /J~ Husholdninger 03
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— |201P B

Transport

[1] Dataudtraek fra Energistyrelsen, udfgrt juni 2023 for DaCES.




Termisk energilagring — Styrker
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Termisk energilagring — Anbefalinger

1. Invester i udvikling af varmelagre over 100°C

[ 0.8

®

2. Stpt optimering af fleksible varme- og kuldelagre under 100°C

A=A - Na—

3. Fjern barrierer for overskudsvarme [2]

TR S

[2] DI Energi og Rambgll, 2022, Overskudsvarme. Overskudsvarmen er der — hvordan far vi den udnyttet.




Batterier — Overblik

* Energi og effekt f§w~:‘ fkin\

* Kompleksitet “\ *
4
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e Storskala lagring urentabel (>MWh, >timer) %

* EU: Gron nggleteknologi ’
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Batterier — Styrker

1. Materiale- og syntesekemi

2. Nye, sikre, baeredygtige batterier

3. Integrere batterier med VE . |

4. Karakterisere og sikkerhedsevaluere

o
o 0

5. Opdage materialer vha. digitale veerktgjer  mmn —ess

o O
(o]




Batterier — Styrker dansk batteriveerdiksede
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Batterier — Anbefalinger

1. National batteristrategi

\ -
2. Prioriter energilagring inkl. batterier i bevillinger ?l:l
D

3. Skab vilkar for lokal, fleksibel VE-udnyttelse ‘:;‘E:E‘E
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Systemintegration — Overblik
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Systemintegration — Potentiale

1. Fjern transport

2. Gor energieffektive l@gsninger rentable

3. Restvarme og elektrificering med styringsvaerktgjer l . @
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4. Fjern siloer — samarbejde og koordiner pa tveers
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Systemintegration — Styrker
1. Samfundsgkonomisk modellering og optimering af energisystemer

2. Koble teknologier og energiinfrastruktur effektivt
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Systemintegration — Anbefalinger

Udvikle og demonstrere systemintegrationslgsninger

% 2. Strategisk og koordineret energiplanlaegning i Danmark

B
3. Tilpas Ipbende rammer for effektiv VE-integration

\/
4. Opdater ENS’ katalog for energilagring E_l/ﬂ




Sporgsmal — Feedback - Kontakt

Uden energilagring
Ingen omkostningseffektiv, forsyningssikker og gren omstilling!

Kontakt

Bliv medlem Niels Dyreborg Nielsen, DaCES rapport 2023

ndn@daces.dk

Teknisk chefkonsulent, DaCES
0e®
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ENERGILAGRING - HVORFOR ER DET

INTERESSANT FOR ET KRAFTVARMEVARK?
JORGEN EDSTROM, BORNHOLMS ENERGI & FORSYNING (BEOF)



Energilagring - hvorfor er det
interessant for et kraftvarmeveerk?

."_ BORNHOLMS ) i
N~ ENERGI&FORSYNING Jorgen Edstrom  30/11/2023



Fremtidens robuste elsystem

"Kraftvarmevaerkerne bliver nogle gange glemt, men

er ogsa fremover et afggrende supplement til sol og
vind, der kan fastholde Danmarks

elforsyningssikkerhed i verdensklasse.”

Mogens Lykketoft og Jesper Frost Rasmussen, hhv. formand, Energinet Danmark
og Dansk Fjernvarme.

u.s BORNHOLMS
. ENERGI&FORSYNING



FORRETNINGSOMRADE
EL- OG
VARMEPRODUKTION

Vi producerer el til det nordiske
elmarked og varme til Renne pa
et flisfyret kraftvarme-anleeg
(Blok 6) pa 35 MW.

Vi producerer el pa vindkraft og
ejer 1/3 af kapaciteten pa
Bornholm - i alt 12 vindmaeller
med en samlet kapacitet pa 12,5
MW .

Vi sikrer Bornholms elforsyning i
@-drift efter aftale med Energinet.
Det sker ved en raekke ngdanlaeg:
+ 1 XBlok 5 oliekedel i alt 25

MW

* 4 x dieselmotorer -ialt 19,2
MW

* 10 x dieselmotorer —i alt 15
MW

BORNHOLMS
ENERGI & FORSYNING

-~



Hvad fokuserer BEOF pa?

El- og varmeproduktion

+ At udfase fossile breendsler ved normaldrift

+ At undersgge muligheder for nye teknologier til produktion af el- og fjernvarme

+ At vi fortsat er gens sikkerhedsnet ved behov for g-drift

* At have en langsigtet plan i 2025 for reduktion af biomasse og indfasning af ny teknologi
- At fokusere pa det fleksible elmarked og lagring — bade pa kort og lang sigt

u.s BORNHOLMS
ENERGI & FORSYNING



2LIPP Projektet

Demonstrationsanlaeg pa kraftvarmevaerket i Renne, som skal teste lipp
et hybridlager med en kombination af tre teknologier, der kan skabe
fremtidens grenne kraftvarmeveaerk med fokus pa genbrug af

eksisterende infrastruktur. § BoRNHOLMS e P hyme
- . € PLS T, &)
Teknologierne er: plm QuinteQ
- Hgjtemperatur saltlager med dampturbine o
- Batterilager bestaende af brugte bilbatterier e DU ety
» Hojteknologisk svinghjul S energyss =
- Energy Management System, som optimerer teknologierne ud B
mod el-markederne % Fraunhofer I
&POWER
Kokslk s, - y
o4, BORNHOLMS &
ENERGI & FORSYNING AVAYa Emst-Abbe-Hochschule Jena

Univarsity of Applied Sciences



2LIPP Concept

REUSABLE INFRASTRUCTURE
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I Skilled workers

| Buildings & control systems
I Water supply facilities for steam
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u.s BORNHOLMS
ENERGI & FORSYNING



Energilagring - hvorfor er det interessant for BEOF?

= Bornholm som testg

= Fremtidens grgnne kraftvarmeveerk
= Produktion af el og varme
= Fremtidens elmarked — balance og lagring
= Arbejdspladser

u.s BORNHOLMS
. ENERGI&FORSYNING
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FOSSILFRI VARMEPRODUKTION TIL INDUSTRI

OG KRAFTVARME MED TERMISK ENERGILAGRING
NIS BENN, HYME
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Titanhus Facilities

 Offices
Copenhagen « 330 m2 molten salt
facilities laboratories

Offices, laboratories
and prototyping
faciljties

Ll n? | Amager Facilities

* Large scale salt
components testing

* Prototyping




The Hymates feam working on the mission

+30 headcount
15+ nationalities
~33% female staff

Ages from 23 - 68
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Why molten salts?

Molten salts are generally

Good at storing heat = high energy density

Good at transporting heat = high thermal conductivity

Liquid at high temperatures with low vapour pressure = easy and safe to operate
Abundant = quite cheap and no supply chain problems

* High technological readiness




Why hydroxide salts?

Truly
sustainable

Abundant material, sustainably made from
salt water, no reliance on critical raw materials

Superior
properties

Excellent thermophysical properties results in very
high energy density and best-in-class heat transfer

Cheapest of all molten salt candidates
15-30 % plant CAPEX reductions possible

Inexpensive

Clean and | Non-toxic, non-flammable and low pressure

safe

Standard environmental approval



How Hyme turns power into on-demand power and heat

, . Decarbonizes industry and utilities
Charge from grid or renewables "Hyme patented solution and strengthens the energy system

[ O RWAAR
(NN (ane

Power
Demand

lllll.llll ll'llll
Power IIIIIII

Supply
00:00 06:00 12:00 18:00

* Charge to full capacity in 6-8 hours « From 50 MWh to 1 GWhinasingle, i ¢ Up to +24-hours constant steam-
i hot tank. discharge at high volume and
i « Autonomous operations from constant temperature.
heaters to steam generator ;



From technology to product — step |

Copenhagen
facilities

The world's first
hydroxide molten salt energy
storage plant

MOSS project implemented
with partners.



The main components

* A:  Cold tank

* B: Hottank -
. CCU

* D: Electric heater i
 E:  Steam generator




One example of a challenge

Pipe stress calculation

* Thermal expansion of pipes when
heated from 15°C to 650°C

e Expansion is approximately
10 mm/m at this AT

* Fixed at connections to equipment
 Animation is exaggerated x 5




\Hyme plant 1.,-_.
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Hyme delivers value to two distinct customer segments

Customer segment Main use-case Application
Industrial Delivering green, * Chemicals and petrochemicals
process heat high temperature * Paper, pulp and print

heat on demand by * Food and beverages

replacing fossil
enabled heat
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Industrial

process heat

All Manufacturing Industries

f/

400

600 800 1000 1200 1400 1600
Temperature (°C)

50 °C 160/200 °C
\ )

Heat pumps

100 °C ~300 °C
\ J
|

Electric boiler

160°C 250°C

\_'_I

Hyme — steam after cogeneration

200/250 °C 585 °C

\ J
1

Hyme - direct steam

12



Case illustration:

Large scale industrial heat for dairy production

Situation

» |ndustrial process heat.

= Most have 24/7 operations — or very
close to it.

= Storage duration is typically for 18-30
hours of operation.

* We are aiming to cover 60- 80 % of the
hours of a year at slightly more than
half cost of natural gas.

Proposed Hyme solution

/5 MW charge — 400 MWh storage — 25 MW output

Delivering 5.000 out of ~6.000 yearly operating hours

25 MW

Power from steam at
i .

grt 400 MWh 220 °C

Hyme plant

Natural gas - Industrial

boiler process

Back-up
retained 13



Hyme delivers value to two distinct customer segments

Customer segment Main use-case Application
Industrial Delivering green, * Chemicals and petrochemicals
process heat high temperature * Paper, pulp and print

heat on demand by * Food and beverages

replacing fossil
enabled heat

Legacy power Delivering secure, * Turn cogeneration or power
and baseload energy from plants into green backbone of
cogeneration ‘2nd life’ green grid stability

combined heat and
power plants

plant owners




What does a large Hyme plant look like?

7
Z
A
A
7
7

1 GWh footprint comparison

khME@|35m

60m

Li-lon
~10x

Pumped Hydro
Storage
+30x

15



Hyme TES 1,3 GWh Storage footprint - Greenfield

70 x 50 m - for complete plant with power block, switch gear etc.

70m

A

'Y

T‘

Electrical Switchgear
building & Workshop

Turbine

Maintenance
Space

Maintenance
Space

Maintenance
Space

Pre
Heater
Electric
Heater
Electric
Heater

50m

Electric
Heater
Electric
Heater
Electric
Heater

Maintenance
Space
Maintenan ce
Space

Maintenance
Space

Equipment

Key Size Parameters

Hot Molten Salt Tank

Dimensions:
23 m diameter x 13 m height

Hot Molten Salt Pump

Power 50 HP
Discharge Pressure 5 bar
Flowrate 348 m3/h

Cold Molten Salt Tank

Dimensions:
23 m @ x 13 m height

Cold Molten Salt Pump

Power 75 HP
Discharge Pressure 7 bar
Flowrate 314 m3/h

Electric Heaters

Total Heat Load 113 MWt
690 V 50Hz

Pre Heater

Tube and Shell Heat Exchanger
Dimensions: 1,2m L x 0,5m @

Steam Generator

Tube and Shell Heat Exchanger
Dimensions: 5mLx 1,4m @

Super Heater

Tube and Shell Heat Exchanger
Dimensions: 4,6mLx 1,1m @

Re Heater

Tube and Shell Heat Exchanger
Dimensions: 2,ImLx 1,1m @

16



From technology to product — final step

Copenhagen
v facilities

Offices, laboratories
and prototyping

)ties

P hyme h
. me
Esbjerg Py
site Renne
, site
The world's first

hydroxide molten Fully integrated into
salt energy storage operations and

plant energy markets

17



2LIPP project on Bornholm at BEOF, Renne

Plant specifications

« ~20 MWh of storage

« 5MW charge

4 MW output steam for power, steam and district heating
* Final design still under way

Goals

» Easily replicable design developed

* Easy to operate

* O & M procedures and training fully developed

* Participation in flexibility markets — tests of FCR, aFRR and
mFRR

* |nitiate operations in 2025

* No harm to humans or environment in construction or
operation




ySustainable. Available.
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COMPACT THERMAL ENERGY STORAGE
- STATUS, PERSPECTIVES AND RESEARCH

EXAMPLE
GERALD ENGLMAIR, DTU CONSTRUCT
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Compact Thermal Energy Storage

- Status, perspectives and research example

. Cold storage
-~ solution

Gerald Englmair, PhD

Assistant Professor

Technical University of Denmark

Department of Civil and Mechanical Engineering (Construct)
Email: gereng@dtu.dk

30/11-2023 Gerald Englmair, DTU Construct Konference om Avanceret Energilagring, DTI Aarhus
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DTU Construct: Thermal Storage as key component for
solar (renewable) energy supply

W

Solar resources

—" Cold storage, solar cooling

Solar energy systems for combined heat and electricity production (PVT)

Scientific staff, November 2023

Simon Furbo, associate professor, sifu@dtu.dk Mark Dannemand, senior researcher, markd@dtu.dk
Jianhua Fan, associate professor, jifa@dtu.dk Adam Rasmus Jensen, researcher, arajen@dtu.dk
Janne Dragsted, associate professor, jadr@dtu.dk loannis Sifnaios, Postdoc, iosif@dtu.dk

Gerald Englmair, assistant professor, gereng@dtu.dk Yutong Xiang, PhD student, yutxi@dtu.dk

Elsabet Nielsen, senior researcher, elsa@dtu.dk Meng Gao, PhD student, menga@dtu.dk

Weigiang Kong, senior researcher, weiko@dtu.dk

30/11-2023 Gerald Englmair, DTU Construct Konference om Avanceret Energilagring, DTI Aarhus
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Thermal Energy Storage Mechanisms

Compact:

W

Thermal Energy Storage

sensible heat latent heat Rx¥ thermochemical

Reversible
processes
needed!

=
\ )

. Low storage . . N .
Solutions on market density Mainly research (niche applications exist)

TCM
(e.g. zeolitetwater,
NaOH+water)

PCM
(e.g. ice, paraffins,
salt hydrates)

Konference om Avanceret Energilagring, DTI Aarhus

30/11-2023 Gerald Englmair, DTU Construct
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=2 Material energy density # storage density
o
Stoarge energy density Factor
Water * 60 kWh/m? 1
Latent 50 -120 kWh/m*| | 1-2 5-10for |
small AT_1
10,000 Adsorption 120 - 180 kWh/m? 2-3
= o *** Y ugh, Chemical Reaction 200 - 600 kWh/m? 4 -10
£ .
= s L with AT = 50 K
£ § LaniH vasl/ \) cao)}% 2 * === ==-
.; ............. A L e S > Lithium-ion batteries
g ‘ ' = 1400 MJ/m? = 390 kKWh/m3
; NiCa '
Na,SOHe ballery
= (v::zesrib'eT CaCl, NH#H,Q S Flywheels
i \“ Paraffin
100

10 20 40 60 80100 200 400 800 1000
Temperature (°C)

30/11-2023 Gerald Englmair, DTU Construct Konference om Avanceret Energilagring, DTI Aarhus
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= Compact Thermal Energy Storage (CTES)
oo
<,
Phase Change Materials (PCM) 4 /M
« Capacity in small temperature range H . .
—> space requirements £ & coibe
= near constant temperature 8 //
e B
//5 """""""""" Y
golid
’%{,; . Temperature)
90%/
Thermo Chemical Materials (TCM)
 Reversible processes E+HEAT — E+D—,\:
- High temperature STORE
- High storage density (but more complex) E I'_"‘\:

DISCHARGE

+ HEAT

30/11-2023 Gerald Englmair, DTU Construct Konference om Avanceret Energilagring, DTI Aarhus
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Compact Thermal Energy Storage (CTES)

W

Phase Change Materials (PCM)

* Increase of chiller/heat pump operation flexibility
—> use of solar and wind power (cheaper)
—> additional supply safety

« Applications through added value
- Thermal comfort
—> Transportation of sensitive goods

Thermo Chemical Materials (TCM)

* Novel application fields
- Industry & sector-coupling
- Household applications; devices, humidity control, etc.

30/11-2023 Gerald Englmair, DTU Construct Konference om Avanceret Energilagring, DTI Aarhus
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IEA ES Task 40 "Compact Thermal Energy Storage,;
Materials within Components within Systems”

>80 experts from >30 institutes

..... continuation in IEA Task
collaboration since over 10 years.

Material
science

Utilization of synergy in
between research fields

Component
engineering

m
SOLAR HEATING & COOLING PROGRAMME
INTERNATIONAL ENERGY AGENCY

Joint Task

storag(a

IEA Technology Collab

Application-orientated development

30/11-2023 Gerald Englmair, DTU Construct

Konference om Avanceret Energilagring, DTI Aarhus
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IEA ES Task 40 "Compact Thermal Energy Storage; SHC
Materials within Components within Systems”
storag(a

W

Subtask A: Material Characterization and Database

Standardized measurement procedures and tests
... thermal conductivity, heat capacity, density, etc.

Thermal Analyzer for Zeolite foam,
Thermogravimetry, AIT University of Messina

Source: https://task58.iea-shc.org/photos

Subtask B: Material Improvement

Exploring potential materials, Performance improvement
(e.g. enhanced thermal conductivity, temperature stability, etc.)

Testing of additives at DTU Construct

30/11-2023 Gerald Englmair, DTU Construct Konference om Avanceret Energilagring, DTI Aarhus
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IEA ES Task 40 "Compact Thermal Energy Storage; SHC
Materials within Components within Systems”
storag(D

W

Subtask D: Stability of PCM and TCM

Reviewing material degradation mechanisms

Developing recommendations for stability testing

Subtask E: Effective Component Performance

Heat exchanger design

Storage performance testing & analysis Testing of 10 heat stores with PCM:

long-term stability testing at DTU Construct

30/11-2023 Gerald Englmair, DTU Construct Konference om Avanceret Energilagring, DTI Aarhus
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IEA ES Task 40 "Compact Thermal Energy Storage; SHC
Materials within Components within Systems”
storag(D

W

Subtask C: State of Charge — SoC Determination

Lead: Gerald Englmair, DTU Construct

“[n

Reliable and instantaneous SoC determination via material bulk response

Analogy: electrical batteries

Prerequisite for flexibility (reserve market access) of heating and cooling systems

-
1
-
1
e
1
LA

A

-

fibre_bragg_gra ting €lectric:
thermogravimetry calorimetry

Reported techniques temperature
. X-ray_lmaging ph_value
(material level): __spectroscopy
uv-vis_spectroscopy heat_flux

. vapour_pressure
magnetlc_resonance

“Thermal battery”

PEDE e Schematic illustration, DTU Construct

tcm_mass_vessel

30/11-2023 Gerald Englmair, DTU Construct

Konference om Avanceret Energilagring, DTI Aarhus



IEA ES Task 40 "Compact Thermal Energy Storage,; S;'B
Materials within Components within Systems" nergy
dstorag(a

HE

1. Material laboratory:

Material response with

charging/ discharging
can be reproduced

2. Pilot testing:
Correlation of material

response to heat flux
-> Calibration at test stand

Source: Technical
University of Denmark

Source: FH Upper Austria

District heating

Source: SINTEF; https://www.sintef.no/en/projects/2021/presav-
prediktive-styringsstrategier-til-aktiv-varmelagring-i-zeb-laboratoriet/

3. Reliable, instantaneous SoC
determination enables CTES
operation in flexible systems

30/11-2023 Gerald Englmair, DTU Construct Konference om Avanceret Energilagring, DTI Aarhus
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CTES Technology Position

SHC
storag(a

Applications

Distributed power-to-heat

Data Center Cooling

Thermal comfort in buildings

Heat recovery in industrial processes

Thermal storage in combination with
drying or steam production (e.qg. dishwasher)

Drivers

Distributed thermal storage enables better utilization of
excess energy (PV, wind) with existing infrastructure

Higher volatility of arbitrage prices
- added value - monetary value

Need for diversification of energy supply for
increased security of supply

Lowering the material and component costs

Technology Position Paper: Compact Thermal Energy Storage. ;' e ’ \, €
van Helden, Wim; Fumey, Benjamin; Englmair, Gerald et al. International Energy Agency, 2023. 7 p. \ / |

30/11-2023

Gerald Englmair, DTU Construct

Konference om Avanceret Energilagring, DTI Aarhus
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Research example: hips:/icool-data.dtu.dk/
/nnovation Fund Denmark

“Cool-Data develops, assesses and implements an Al-based modular, flexible,
secure and reliable integrated cooling energy system for data centers”

Integrated technical solution:

DTU DTU Compute
o[ Becuic Free > DTU Construct

T chitter cooler >
I e = > DTU Management

PVGEV  NAVIAIR

Vi mgder dig med go’ energi

—

\\

/1IN

3
s85
-

o

@ centerdenmark

intelligent energy

more cooling -less energy

30/11-2023 Gerald Englmair, DTU Construct Konference om Avanceret Energilagring, DTI Aarhus
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Exemplary driver: Data center electricity consumption

70

by type [TWh]
(=] (U8 e wn (o))
e < fen) < =]

Danish electricity consumption
=)

0
2010 2015 2020 2025 2030 2035

m Conventional demand = Heating and P2X Transport Data centres  ® Network losses

Historic (up to 2020) and projected electricity use by type in Denmark [Danish Energy Agency, 2022]

Data centres are estimated to have consumed 200-250 TWh in 2020 - 1% of global electricity demand

More information: J. Monsalves, C. Bergaentzlé, D. Keles.
Impacts of flexible-cooling and waste-heat recovery from data centres on energy systems:
A Danish case study. Submitted in March 2023 to the journal “Energy”.

30/11-2023 Gerald Englmair, DTU Construct Konference om Avanceret Energilagring, DTI Aarhus
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Benefits of flexible server room cooling

W

f

—/

. ) Reduction of RES curtailment

Grid stability

Lower electricity cost

Decarbonization of the electricity sector

& @ =

Source: J. Monsalves, C. Bergaentzlé, M. Backer, 2022

30/11-2023 Gerald Englmair, DTU Construct Konference om Avanceret Energilagring, DTI Aarhus



DTU
<= PCM cold storage for flexible cooling

>
>
» Potential of >50 kWh per m3storage
Pilot storage with finned heat exchanger: (including heat exchanger)
* Metal heat exchanger = safe choice * Volume reduction to water tank: factor 5<
* PCM volume: 115 liter (higher in smaller temperature interval)

« PCM mass: 153 kg
« Salt hydrate + thickening agent

Use of certified products Maximal energy PCM volume via
immersed heat exchanger design

Konference om Avanceret Energilagring, DTI Aarhus

30/11-2023 Gerald Englmair, DTU Construct
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PCM cold storage for flexible cooling

W

Inlet outlet

2"d prototype:
230 L PCM

Exterior wall
with heat loss

15t prototype:
115 L PCM

Validated CFD model

1200 |- 35mm-full
35mm-half
35mm-quarter

900

g
— 600 -
=
o
<
=]
300

' f L L L
0,0 0,2 0,4 0,6 0,8 1,0
Relative Energy

30/11-2023 Gerald Englmair, DTU Construct Konference om Avanceret Energilagring, DTI Aarhus
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PCM cold storage for flexible cooling

W

2"d prototype:
230 L PCM

PCM
MODULES
T_melt=15C
Q ~7.05 kWh

CHILLER

Y

Data-driven model

=,

SERVER ROOM

VFD

a
inlet ~ 28°C

AN\ 7\ T_outlet ~ 21.8°C
Q~25KkwW
v \/ <=2h

Fan coil
m_air = 1760 m"3/h

Development of predictive system control algorithm for server room cooing

15 kWh

First paper: Zhu, Y., Englmair, G., Huang, H., Dragsted, J., Yuan, Y., Fan, J., & Furbo, S. (2023). Numerical
investigations of a latent thermal energy storage for data center cooling. Applied Thermal Engineering, 236 Part B,
[121598]. https://doi.org/10.1016/j.applthermaleng.2023.121598

30/11-2023 Gerald Englmair, DTU Construct Konference om Avanceret Energilagring, DTI Aarhus
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PCM cold storage for flexible cooling

Electricity
Grid

I How can the system benefit be

translated into a business case?

Data Centre

Continuous heat recovery

Surplus-heat

recovery

Storage A |
District B 6 —
Heating [} %
Network

Large heat storage — weekly utilization (centralized)

30/11-2023 Gerald Englmair, DTU Construct Konference om Avanceret Energilagring, DTI Aarhus



=
—]
—

W

IEA Energy Storage Task 41 "Economics of Energy Storage”

——

Value

Benefit ——

How much would
somebody pay for
the benefit?

Flexibility, Reliability,
Mobility, Autarky, ...

Danish Industry workshop with DaCES:
Time: March 20, 2024; 11.30 — 17:30h
Place: DTU Bulding 101, Meeting center.
Registration here

Business Case

How can the system benefit be

Who pays for the
benefit? _ _
translated into a business case?

storage)

Da

‘ | Technical
“ University of
@ Denmark
P

Danish Centre
for Energy Storage

F’IanEnerg[_J‘:

30/11-2023

Gerald Englmair, DTU Construct

Konference om Avanceret Energilagring, DTI Aarhus


https://www.conferencemanager.dk/industryworkshop-economicsofenergystorage
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Udnyttelse af ladestandere og
batterilager til balancering af elnettet
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KLIMASTRATEGI

= Ground operations:
Net-Zero 2030

= Omstilling af flade
= |nterne
= Eksterne

= Opladningsinfrastruktur
= 1350 ladepunkter bestilt
= Nov. 2023: 400+ installeret
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Udfase konventionelle
drivmidler

Investere i elektriske drivmidler og
grej

Sikre den rette
infrastruktur

Implementering af elladeinfrastruktur
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Kundeparkering
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m 0-6 timer = 7-11 timer
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m 8-14 dage m 15-21 dage
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= 12-23 timer
m 5 dage
= Over 21 dage

1 dag = 2 dage
m 6 dage m 7 dage

=

0.5 mio.

Kundeparkering uden 0-6 timer

/)

m 7-11timer = 12-23timer = 1dag 2 dage
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Kundeparkering uden 0-6 timer
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KUNDEPARKERING

=Rt 0%
1.5 mio.

Kundeparkering

= 0-6 timer = 7-11 timer = 12-23 timer 1 dag = 2 dage
= 3 dage m 4 dage m 5 dage m 6 dage = 7 dage
m 8-14 dage m 15-21 dage = Over 21 dage
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0.5 mio.

Kundeparkering uden 0-6 timer

/)

m 7-11timer = 12-23timer = 1dag 2 dage
= 3 dage = 4 dage m 5 dage ® 6 dage
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aPS =TT
Kundeparkering pre-booked

|

/4

= 0-6 timer = 7-11 timer = 12-23 timer 1dag = 2 dage
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FREMTIDIGE UDFORDRINGER

= Stgrre andel af elektrificeret udstyr

Potentielle Igsninger

= Ny flyteknologi
= EL
Brintteknologi

=  Battery Energy Storage Systems
= RefuelEU Y 24 o8 Y

= Demand response
= V2G

Udfordret infrastruktur
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Indhold

1. Smart charging
a) CO,
b) Elspotpriser

2. Systemydelser til elnettet
a) Energinets veerktgjskasse

b) Kombinerede portefaljer

L1
7

¢) Jkonomiske potentialer %3%5
d) Regulerkraft CNERCINET £ o 5}

3. Eksempel: Drift af EV-portefalje under aktivering af systemydelse R

4. Eksempel: Drift af batterisystem ved arbitragehandel og systemydelser

5. Konklusion [j

HYBRID‘GREENTECH
Energy Storage Intelligence
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Potentiale for CO,-besparelse ved forskudsopladning

DK2: Arlig Fordeling af CO2-forskelle

400
/1 2020 ¢ ¢
350 - HEE 2021 -

—2022 5 ; Fremrykning af opladning pa
=" . K i fa timer kan potentielt spare
%250— . . ¢ adskillige kg CO.,.

E 200 -
; . & —
:? 150 4
S 100 Medianveerdien for fire timers
. — justering kan veere op til 2,5
lll 1+ kg for 50 kwh.
’ 2II-I BIH BIH 12IH 24lH 48IH

Arbitrageperiode [Timer]

T
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Potentiale for besparelse pa elspotpris ved smart charging

DK2: Gennemsnitlig Elspotpris

e 2017 e 2020
2000

® 2018 2021

— ® 2019 2022
E . . o
Z 19007 Elspotprisen har i de seneste ar
2 1250 haft tendens til at vaere steerkt
= Jrony varierende over dggnets timer.
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Potentiale for besparelse pa elspotpris ved smart charging

DK2: Arlig Fordeling af Prisforskelle (Elspotpris)
’ v

35004  Ar " b
= 2020 ¢ } ' . ’ 2021 og 2022 havde store
3000 = 2% ) ; 0 l i prisforskelle over relativt
: | :

korte perioder.

L . & - 2 2% _ 3

20 @
> & >
> > o0

Ved prismiljger som disse
ar, kan der vaere store
besparelse ved at rykke
opladningen blot fire timer.

Prisforskel [DKK/MWh]
S
o
o
1

T T T T
8 12 24 48

3
: $
'
1500 ' N
L ‘
10004 3§ '
500
0- T
2 1
Arbitrageperiode [Timer]
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Potentiale for besparelse pa elspotpris ved smart charging

DK2: Arlig Fordeling af Prisforskelle (Elspotpris)
’ v

>

4

B [ ¢ } ' i ’ Hvis 1000 elbiler, sat til at

3000 = 2% ) ¢ 0 l : oplade 20 kWh hver, rykkes
gmo_ ! ‘ ; ! g med otte timer, ville der som
s \ c ! , medianveerdi | 2021 kunne
8 #0907 $ spares:
g 1500 ¢ ¢ i ‘ s
% - ; ¢ $ s ¢ DKK 20 kWh _
£ o00d , 2503 - 5=+ 1000 = 5000 DKK

500

. j 4 "

Arbitrageperiode [Timer]
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Forsyningssikkerhed kraever stabilisering af elnettet

System-
frekvens

Forbrug og produktion skal veere i balance hvert sekund. Derfor har Energinet
en vaerktgjskasse af forskellige reserver, der hjeelper med at balancere elnettet.

HYBRID GR==NT=CH
Energy Storage Intelligence
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Energinets veerktojskasse til at balancere elnettet

'6ﬁo-. m ﬁ .=$

FFR  FCR-D FCR FCR-N aFRR mFRR

Tidsramme for aktivering af reserve
~1s 5-30s 2% min 30s-15min 15 min
Minimumseffekt
0.3MW 0.1TMW 1.0 MW 0.1 MW 1.0 MW 5.0 MW
Relevante enheder

T4
G2+ 88 B sk @ & & - S =

S _ N _
Y Y

Til systemydelser uden betydelige energi-leverancer Til systemydelser med store energi-leverancer

Tilpasset fra Energinet:
https://energinet.dk/El/Systemydelser/Introduktion-til-Systemydelser/Qversigt-over-systemydelser
https://energinet.dk/Om-nyheder/Nyheder/2022/11/01/Behovet-for-systemydelser-vil-vokse-markant



https://energinet.dk/El/Systemydelser/Introduktion-til-Systemydelser/Oversigt-over-systemydelser
https://energinet.dk/Om-nyheder/Nyheder/2022/11/01/Behovet-for-systemydelser-vil-vokse-markant

One country with
two power systems ™

B RG Continental Europe (UCTE) .
B RG Nordic |
Bl RG Great Britain
M RG Ireland

Il RG Baltic

= DK1 is in RG-Continental Europe

= Frequency Containment Reserve
(Regelleistung)

= aFRR (PICASSO)
= mMFRR (MARI)

= DK2 isin RG-Nordic

FCR-N (Nordic MMS)

FCR-D up and down (Nordic MMS)
FFR (National)

aFRR (PICASSO)

MFRR (MARI)
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Netfrekvensen her til morgen ALIGHT

Grid Measured Frequency @

5013 Hz
50.10 Hz ﬂ
50.08 Hz

50.05 Hz

o W |

49.98 Hz

Frequency

49.95 Hz

49.93 Hz

49.90 Hz
07:05 07:10 07:15 07:20 07:25 07:30 07:35 07:40 07:45 07:50 07:55 08:00

Last *
e DK1 50.01 Hz
e DK2 50.02 Hz



Kombineret portefolje
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*Balance Responsible Party

Kan veere
samme entitet
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POINT OF DISTRIEUTION ’_E+j
DELIVERY BEHIND THE METER — ° ° ° . M
o | i Optimering af indtaegt fra diverse veerdistromme
nergy Arbitrage
IS0/ RTO " Spin/NonSpinReserve : 0
SERVICES ___Fﬁ___:’--l?---- @konomien bag BESS-enheder forbedres markant, nar ydelser kan
requency regulation . .
% W == o==————= kombineres for at optimere og udnytte enhedens komplette raekke
oltage Suppo .
-------------- af funktioner. ,
L ¥ ¥ ¥ ¥ ---Ela-{:k-siaz --------- V&rdIStrgmme
UTILITY ey Y > Frekvensregulering \
SERVICES Transmission Congestion Relief

> Time-of-use styring

Distribution Upgrade Deferral P @get egetfo rb ru g

3

CONSUMER = am o e ot o o o o oo o o oo o o o o

SERVICES eman arge Managemen : |
R I S Hybrid Greentech kan evaluere, hvordan en BESS eller EV-portefglje
v Greater Self-Consumption ™= bedst kan generere indtaegt pa timebasis ved at kombinere

Reliability & Resilience

(69, Backup Powen veerdistrgmme fra diverse ydelser.



Daily operation

The EMS calculates an optimal schedule with an
optimisation horison of 24 hours.

Forecast:
Spot price It is recalculated every minute based on updates
Power capacity for each market Forecast : on: SOC, production, consumption and forecasts
Price and cost of each market «  Power capacity for each market
Decide on markets including Commit remaining capacity and
FFR | | prices
Commit capacity and prices
GCT for: Spot prices Start of Day Intraday
aFRR are GCT for: of market
| mMFRR published FFR | Operation closes
07:30 12:45 15:00 00:00 t-60 min
00:30 12:00 14:00 18:00 GCT for
Early GCT for: GCT for Intraday GCT for: Regulating
FCR-N Day market FCR-N Power
FCR-D Up Ahead opens FCR-D Up Market
FCR-D Down Market FCR-D Down t-45 min
. N _
T~ e

D-1

Day of operation
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Optimal kombination
af markeder pa
timebasis giver de
bedste indteegter.
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Okonomisk vaerdi af systemydelser

Arlige Indteegter for 1 MW / 1 MWh BESS ved Diverse Budstrategier

Zone: DK2 | DSO: Radius Elnet | Type: B-hgj

B Arbitrage FCR-D Ned
B FCR-N s FFR

2020

Bl FCR-DOp cC”7' Multimarkedsstrategi

2021

2022

2023
(Jan 01 - Nov 20)
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Historisk indtjening:

1 MW/1 MWh batteri med 90%
round-trip effektivitet.

Inklusiv omkostning til op- og
afladningstab og tariffer.
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Consumption from chargers
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Dagligt opladsningsmenster
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Eksempel pa leverance af FCR-D med elbiler
OO A e Ty'l"'l"v'-'"'.'-"\q"v‘v"
2 80-
[
£ 60 Leverance af FCR-D Op
e med
S 07 baseline pa 100 elbiler
20 Baseline Styret ved ON/OFF-
. . . : . . . . — kontrollogik.
07:30 07:45 08:00 08:15 08:30 08:45 09:00 09:15 09:30 09:45
50.1
N 50.01 Ladningsprocessen er
5499 uforstyrret det meste af
g 49.8- tiden.
549.7 -
464 | - Full FCR-D Up Activation
49'5 ----- No FCR-D Activation

07:30

T
07:45

I 1 I I 1 I I I
08:00 08:15 08:30 08:45 09:00 09:15 09:30 09:45
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Levering af regulerkraft med ladestandere

DK2: Regulerkraftpris & Elspotpris (Eksempeluge)

¢+ Regulerkraft: Op o .
30004 . Regulerkraft: Ned Eksempel pa budstrategi:
e Elspotpris

2500 H

« Jegvil gerne gge mit
energiforbrug, hvis prisen er 50%
X under spot prisen.

Pris [DKK/MWh]
> o o
(= [=] [=]
(=] o [=]

1 | 1

« Jegvil gerne reducere mit
energiforbrug, hvis prisen er 50%
over spot prisen.

500

T T T T T T 1
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B BESS: Afladning

Bl BESS: Opladning

[ Systemydelser: Reserveret Effekt
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Konklusion

% Smart charging og intelligent kontrol har steerkt potentiale for
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» Mindske CO2-indholdet pa tvaers af use-cases
> Skabe besparelser ved opladning /'i I
|l
< Leverance af iseer FCR-D og FFR kan gge indtaegter markant med minimal indflydelse /l\

pa driften af enhederne

< Et starre antal enheder kan bydes ind i reservemarkederne som en kombineret portefalje

< V2G-funktionalitet kan gge fleksibiliteten og potentialet markant
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Potential for optimal operation of Industrial
Heat Pumps with Thermal Energy Storage

for emissions and cost reduction
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Background and motivation .
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Case Study

HP capacity
o
a1

. PV System 0.25 Min. HPj
<©D Electricity HR 0
| Demand t systemJ 0
|
|
%y I
.............. 1
: o ! Auxiliary heater ) ]
He AT T | —— Hot Water Loop Smart control considering:
| » I N '_l O « Price/CO2 fluctuations
T _,: 3| 90°¢C | | «  Solar radiation
Condensers of Thermal |
Refrigeration systeT]I | | T~ —l Load | * Actual load and HR
| A | 62.7 °C
| |
L Heat Pump| \H

« How important is a smart control of the heat pump to optimize cost and/or CO2?
« Which are the most important parameters to estimate this potential?
» How does the optimal size of the HP+Tank system differ if load-shifting is considered?

Advanced Energy Storage Conference 2023

Potential for optimal operation of Industrial Heat Pumps with Thermal Energy Storage for emissions and cost reduction
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{ cms

<= IVI t h d HP capacity
o e O 1,2
1
—_— 0,8
Indexed by time: 0.6
0,4
- Electricity price / CO2 intensity grid o
- Gas price / CO2 emissions gas State of charge o
-20 30 80 130 180
Slele
- Heat recover » Optimize operation cost :
Y b b Boiler OUtpUt 14000
- Electricity consumption « Optimize carbon emissions 12000
Electricity sold 10000
- PV output Y aboo
Electricity purchase T
Single value parameters: 2000
(¢}
- Tank capacity Optimal size -20 30 80 130 180
- HP max. capacity of the system
Parameter value Type of deviation Deviation
- Max. ramp up/ramp down 1.75 MW  Uniform, absolute 0.01 MW
- Min. HP load 375m*  Uniform, absolute 1md
— 35°C Uniform, absolute 3K
- inkin 62.7 °C Uniform, absolute 1K
ink ou 90 °C Uniform, absolute 1K
75 % Normal, absolute 5%
v fo 10 % Normal, absolute 5%
AT, 5K Uniform, absolute 3K
Uncertainty and sensitivity analysis Error on COP .
—>  ENIE 0% Normal, relative 10 %
Monte Carlo simulations and SRC method : 95 % Normal, absolute 5%
T 25 % Uniform, absolute 10 %
Xramp-—up 90 % Uniform, absolute 10 %
Xramp—down 90 % Uniform, absolute 10 %

November 30th 2023 Advanced Energy Storage Conference 2023 Potential for optimal operation of Industrial Heat Pumps with Thermal Energy Storage for emissions and cost reduction
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Results — example of HP behaivour

Advanced Energy Storage Conference 2023

Normalized electricity consumption

Normalized electricity consumption

and PV power

and PV power

2 200
1.8 180
1.6 160 €
=
1.4 140 =
1.2 N 120 ¥
W\ W T WY W A W W 8
1 100 &5
2
0.8 80 g
0.6 60 o
R}
0.4 40 W
0.2 20
0 0
DNormalized electricity demand PV power

D HP electricity consumption

Electricity price (right axis)

2 1000
1.8 900
i=]
1.6 800 >
O~
1.4 700 = §
5=
1.2 \ 600 =<
Y L | NS\ Vg Y W 500 %g
0.8 400 EOQ
c2
0.6 300 g =
0.4 200 &
0.2 100
0 0
ENormaIized electricity demand PV power

I:I HP electricity consumption

Carbon intensity (right axis)

Potential for optimal operation of Industrial Heat Pumps with Thermal Energy Storage for emissions and cost reduction
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Results — potential for CO2 and cost reduction

W

45000 140000
[ ]
£ o
40000 -
S 120000 s
—_ > S
g 35000 . g 4
) o)
= V2 ~17 % % 100000
9 30000 X .
5 J ] ~9%
5 25000 = $ 80000
. : .
T S 1
(1]
@© =
5 £
© 15000 =
2 S 40000
S c
S 10000 S
4 S
© 20000
5000 i
0 0

B Cost-optimal operation with perfect foresight
[ ] Cost-optimal operation with day-ahead predictions
I CO,-optimal operation with perfect foresight
[ ] CO,-optimal operation with day-ahead predictions
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Results — Sensitivity analysis

W

What assumptions are important to estimate the saving potential?

Cost reduction Cost reduction Emissions reduction Emissions reduction
(Cost-optimal operation (CO,-optimal with (Cost-optimal operation (CO,-optimal with
day-ahead day-ahead
predictions predictions
0.003 0017 0003 0010
0.007 0.004 0000 0007
0157 0474 0150 0473
0014 10021 0020 0016
0.058 0.066 0.001 0.062
0,517 0.571 0493 0:569
0125 0136 0118 0137
AT — Define COP of HP
pp 0.289 0.319 0.276 0.318
Erolr from -0.305 -0.336 -0.290 -0.337
0.005 0.005 0.005 0.006 Min HP load
. 6T -0.725 -0.610 — MiIinimum oadq,
0.000 -0.002 “oaer e Is It pOSSIble to turn OFF?
-0.002 -0.002 0.002 0.003
0.995 0.991 0.994 0.992

November 30th 2023 Advanced Energy Storage Conference 2023 Potential for optimal operation of Industrial Heat Pumps with Thermal Energy Storage for emissions and cost reduction
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Optimal system size

Base case (no smart control) Cost-optimal smart control (with day-ahead predictions)

2500 2500
3.10
2000+ 20004 -
= = 3
= = >
£ £ 2| tsos
8 15001 8 1500 =
& & I
O o e
£ £ 5
£ 1000+ £ 1000 % L 3.00
§ § no smart control) %
T I 2
500 - 500 <f1:: 2.95
200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600 2.90

Tank size (m®) Tank size (m°)

If smart control is implemented:
- Design size of tank can be reduced - better use of storage capacity

- Capacity of HP should be increased - To deliver same amount of heat but concentrated in lower-price hours

November 30th 2023 Advanced Energy Storage Conference 2023 Potential for optimal operation of Industrial Heat Pumps with Thermal Energy Storage for emissions and cost reduction
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Conclusions

Smart heat pump operation when combined with a heat storage

« Can reduce operation costs (by up to 17% in studied case)

« Can reduce CO2 emissions (by up to 9% in studied case)

« Day-ahead predictions are enough for significant reduction.

 Different size of the system: a bigger HP and a smaller tank is possible

Limitation and future work:
* More detailed TES model. Faster charge/discharge could increase mixing losses.
* More detailed HP model. Dynamics of the system and variable COP with part-load.

November 30th 2023 Advanced Energy Storage Conference 2023 Potential for optimal operation of Industrial Heat Pumps with Thermal Energy Storage for emissions and cost reduction
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Thank you for your attention!
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Effectiveness and Efficiency of Energy Systems

The Energy System Today and in the Future
Consequences and Relevance for/of Energy Storage
Too Much is not Good Enough

Conclusion & Outlook
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Effectiveness and Efficiency of Energy Systems

Energy Effectiveness Energy Efficiency
Why is something being done? What needs to be done?
Aligns with goals and objectives Focusses on the process
How can the future be improved? What can be improved now?
Requires external views Internal views are sufficient
Not easy to define and/or measure Easily measurable by specific metrics
Requires subjective visioning Objective analysis is sufficient
Doing the right things Doing the things right
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Effectiveness and Efficiency in the Danish Language

% ordbogen.com

@ Alle mine ordbager

Topresultater

Dansk/Engelsk
Ordbogen.com

Dansk/Tysk
Ordbogen.com

Dansk/Fransk
Ordbogen.com

Dansk/Engelsk (Store)
Gyldendal

Dansk/Tysk (Store)
Gyldendal

Fagordbog
Gyldendal

Teknisk Dansk/Engelsk
Gyldendal

Business Dansk/Engelsk
Gyldendal

>

Logget ind via Abent netverk: @ -

. P
Prgv Ordbogen Plus - gratis! n Teknologisk Institut

@ Veelg sprog effektivitet Q

(6]
Dansk — Engelsk

effektivitet sb. en <en>

altid ental

 (is@r om ydeevne) efficiency B

The efficiency of the machines increased rapidly
Maskinernes effektivitet steg hurtigt

* (iszer om resultatet) effectiveness [

The effectiveness of this product is doubtful
Dette produkts effektivitet er tvivisom

Dansk-engelsk / engelsk-dansk ordbog fra ordbogen.com

% ordbogen.com

o Alle mine ordbeger

Topresultater

Dansk/Engelsk
Ordbogen.com

Dansk/Fransk
Ordbogen.com

Fagordbog
Gyldendal

Teknisk Dansk/Engelsk
Gyldendal

Logget ind via Abent netveerk:
Prgv Ordbogen Plus—gratis!u QBEELING VI ADENE NENVEE @ v

Teknologisk Institut

@ Vaelg sprog efficiens Q

(0]
Dansk — Engelsk

efficiens sb. en <en>

altid ental

» efficiency [
They measured the efficiency of their transactions
De malte efficiensen af deres transaktioner

Dansk-engelsk / engelsk-dansk ordbog fra ordbogen.com
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Effectiveness and Efficiency of Energy Systems

A
Energy Effectiveness :_—} e e e e IHEEHI IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII Lt_f
Doing the right things g I g
i WESEle " Peak :
Energy Efficiency | Efforts ! Performance -
Doing the things right _5 - H T
Lié E? ! 1 1 1 v v v O 6 0 i I - I i [TTTTTTTTTTTTITTTTTTTTTTTTITTTTTTTITTITITITTTIT T ! _E
: Poor ; Lost :
: Performance - Opportunities -
_—IT I [ | | i i I | 1 [ e e e e [ e e e I [ e | |1_F:>

Energy Effectiveness
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https://energy.ec.europa.eu/index_en

2015

PE: 172 PJ

FE: 105 PJ (68% RE)

UE: 105 P)

PE 214 P

/FE 127 PJ (48% RE)
UE: 114 P
UE: 63 PJ ‘/PE: 124P)

FE: 192 P} (9% RE)

PE: 210 P

Heat Power

Industry Transport

FE: 136P) (64% RE)

2045

PE: 106P)

FE: 104P) (99% RE)

UE: 104P)

PE: 98P

FE: 97P) (82% RE)
UE: 92P)

PE: 142P)

UE: 74P
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https://vbn.aau.dk/ws/portalfiles/portal/413672453/IDAs_klimasvar_2045_ver_02062021.pdf

Consequences and Relevance for/of Energy Storage

59,3 % (2022)

10 Power
. ' No energy stprage,
- / sector coupling etc.
1
; ’
! /
I /
o 5 2
= g
I 7’
L i 4
@ i s
1
® ; .
= 1 7’
() ! 7’
T 5 i < - — =
DGCJ : 7’ ~ -—— -— -
s - - Max. energy storage,
£ P ’— - - sector coupling etc.
© - 1
L 1
c i
O :
© :
= 1
© 1
4‘7]) :
= i
i
1
1
1
1
]
1 / i
H
20 % | 40 % 60 % 80 % 100 %

Coverage Renewable nergy

© Energistyrelsen, 2023
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https://ens.dk/service/statistik-data-noegletal-og-kort

80% 90% 140%

100%

100% [

75% [

un
N
S

Wind : solar =85: 15

Wind and solar electricity consumption
(relative to total electricity demand)

25%
—— Size =730 av.l.h = 26.69 TWh; RT =40 %

Size = 16 av.l.h = 0.58 TWh; RT = 60 %
—— Size =4 av.l.h =0.15 TWh; RT =80 %
—— No storage

A1.0%
1A1.5%

0% 1 1 1 1
0% 25% 50% 75% 100% 125%

Wind and solar electricity generation
(relative to total electricity demand)

150%

« Up to ca. 50% renewable power coverage, energy
storage can be avoided by flexibility/sector coupling

* Up to ca. 80% renewable power coverage, small
distributed energy storage many charging cycles

« For 100% renewable power generation, seasonal
storage is required

=> Less energy storage capacity can sometimes store more
energy
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https://global.oup.com/academic/product/monetizing-energy-storage-9780192888174?cc=dk&lang=en&

Conclusion

Effectiveness < Efficiency = Electrification = Electrochemistry
Energy storage must be part of each of these steps - but only where it really makes sense

Energy storage shall reduce emissions and cost as well as avoid shortages and overcapacity
Flexibility and sector coupling can act as virtual energy storage

Too much energy storage capacity might interfere the energy transition

Energy storage is required for the green transition, but not sufficient
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Outlook

“Efficiency without £ffectiveness is lost”

IDCOoC ADA NN
OO\, 2007
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Thanks!
Questions?
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