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Motivation
Need for a fast and affordable energy transition also for industry

[1] M indusy Low-temp heat

B Transport (below 150 °C)
; : Boiling, pasteurising,
Ml Residential 45 % coal sterilising, cleaning, drying,
B Other o boa ‘ washing, bleaching, steaming,
F pickling, cooking.

Medium-temp heat
(150 to 400 °C)

Distilling, nitrate melting, dyeing,
compression.

L 30 % nNatural gas

o/ High-temp heat
15 % o ; (above 400 °C)
Material transformation
processes.

9 o/o Renewables
1 °/o other

Background Challenges

A3/4 of industrial energy demand for heat AEnergy efficiency measures, waste heat

AMostly fed by fossil sources ATransition to a lowcarbon/zerecarbon supply
A Security of supply at predictable costs

[1] IEA (2017)Renewable Energy for Industti£A, Paris https://www.iea.org/reports/renewabémergyfor-industry, Licence CC BY 4.0

—
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Motivation
Constantdemandvs. volatilepricesandavailability

—
[3] Electricity production and spot prices in Germany in week 15 2025
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Energy-Charts.info; Data Source: ENTSO-E, Netztransparenz, EPEX SPOT; Last Update: 08.09.2025, 15:45 MESZ
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[3] energycharts.info o . . . . . . . . =
4] Thelen, C., Nolte, H., Kaiser, M., Jirgens, P., MillSefkpiex / ®3 Y2aiz / ® a2S83S Tdz SAYSY 1tAYIySdziNItSy 9ySNEASagaidisSyy . dNRSé%IFi.alu‘ﬁhbhfle*é?zNJ{
r ISE.

[5] Bauer, Thomas, Christian Odenthal, and Alexander Bonk. "Msaiestoragefor power generation" Chemie Ingenieur Technik 93.4 (2021):-534.

(20D21/¥N3 ‘YMW/¥N3) dd1d

Future
Heat is mostly electrified [4]

A Battery:.
200-250 EUR{Wh,
(10-15yearslifetime)
AThermalstoragefor CFP
15-80 EURKWHh,, [5
A Cost advantage o prage
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Motivation
Powerto-Heat + Energy Storage

Alow-cost renewable electricity can be utilized for heat generation
APowerto-heat is an efficient conversion of electricity to thermal energy by direct electrical resistance

heaters
AThermal energy storage are essential for balancing heat demand in industrial applications
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LoCoMoSaLow Cost Molten Salt Thermal Energy
Storage for Industrial Processes

1. (Coordinatoy Danmarkg ekniskdJniversitet(DTU) Denmark
2. HymeEnergyApS Denmark
3. Fraunhofer Institutdor Solar Energy Systems ISE Germany
4. Schniewindt GmbH & Co. KG Germany
5. National Institutefor NuclearPhysics (INFNPadovaDivision Italy

6. SEAMTHESSS! Italy

ET! m %Fraunhofelsz § SCHNIEWINDT @ O seamthesis
= NEIN
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Ourmain objectives

Strategic Objective:

thermal energy storage system

Specific Objectives:

O Demonstrate a low-cost molten SHH/CV)

/ System integration
& demonstration

Electrical
heater

Renewable
energy

Molten salt storage
(cold tank)

Process heat
at 120-450°C
for industry

EUROPEAN PARTNERSHIP

Demonstrate a high electrical
capacity medium voltage electrical
heater for molten salt

Demonstrate an additive
manufactured heat exchanger with
a novel heat transfer geometry

Reduce system CAPEX and OPE
costs through system-level
optimization

Co-funded ey
the Eurapaan Unien



High Temperature Storage for Power Plants
Molten Salt¢ Established Technology in Solar Thermal Power Plants

A Two-tank system

A Salt mixture: 60% NaNO3, 40% KNO3
A Temperature range: 29C- 565°C
ACANBG O2YYSNDAIE Ayadlt {5
A Globally installed capacity (2020): > 21 GWh [1]

©Fraunhofer ISE

10 [1] IRENA (2020), Innovation Outlook: Thermal Energy Storage, InterndtienalvabléEnergy Agency, Abu Dhabi.

©Fraunhofer ISE
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High Temperature Storage for Industry
Listof Suppliers

A Multitude of suppliers worldwide (>30)
A 6 suppliers with commercial plants in operation

A 50% of suppliers are European

11

©Fraunhofer ISE

‘Company name Headquarters Lewvel of commercialisation
Brenmiller Energy I=rael Four commercial plants in operation in Italy, Brazil, US4 and Israel (27 MWh)
Kyoto Group Norway Commercial demenstrator in operation in Dennmark (18 MWh)
Eco-Tech Ceram France Three commercial plants in operation in France [total 2.3 MWh)
Energynest Norway Twao commercial projects in Belgium (5 MWh) and Norwey (4 MWh)
Rondo Energy UsA First commercial project in operation in USA (2 MWh)
Polar Night Energy Finland First commercial plant in operation in Finland (8 MWh)
Build to zero Spain First commercial project under construction
Storworks Power UsA Demonstrator in operation
Carbon-Clean Technology Germany Demonstrator in operation (1 MWh)
Malta Group UsA Demaonstrator in operation in the USA
1414 Degrees Australia Demonstrator of SiBrick in operation in Australia (1 MWh)
Kraftanlagen GmbH Germany Two demonstration plants in Germany (2 MWh and 20 MWh)
Alumina Energy Usa First demanstrator in operation in the USA (450 kWh)
Antora Energy UsA First demonstrator in operation in USA
MGAThermal Australia First Demonstrator (5 MWth) under construction
Exergy3 Great Britain First demonstrator in Scottland under construction (36 MWh)
Magaldi Green Energy Italy First demonstrator under construction
2475olar Inc Usa Demeonstrator under construction in USA (3.6 MWh)
Elementlée Usa First demonstrator under construction in USA (1.5 MWh)
E25 Power Switzerland Filot plant in cperation in India [0.25 MWh)
Storasol f enclcon Germany Pilot plants in operation
Kraftblock Germany Filot plants in operation (70 to 150 MWh)
Filot project in operation in Germany (2.4 M¥Wh).
Irr=TenEad EEE First demunpstrjatur un:lper construction in GYe[rman\r [2-5 MWh)
Heliac Denmark Pilot plant operated for 24 weeks in Denmark (0.5 MWh)
Sunamp Great Britain Pilot projects realised
Electrified Thermal Solutions UsA No pilot plant yet
Hyme Energy Denmark Mo pilot plant yet
Kaaj Energy Canada No pilot plantyet
Pintail Power Usa Mo pilot plant yet
Rpow Spain No pilot plant yet
Terrajoule Energy Usa No pilot plant yet

https://solarthermalworld.org/news/worldwideoverviewof-hightemperatureenergystorage

systemproviders/¢ Stand: 03.2024

1600°C
R0

(¢

400°C

= Fraunhofer

ISE


https://solarthermalworld.org/news/worldwide-overview-of-high-temperature-energy-storage-system-providers/
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High Temperature Storage for Industry 1600°C
Listof Supplierswith Commercial Plants and Demonstrators 00

Storage Material:

B Company name Headgquarters Level of commercialisation
A Crushedock
A Molten salt Brenmiller Energy l=rael Four commercial plants in operation in Italy, Brazil, US& and Israel [27 MWh)
A Packeded of ceramics Kyoto Group Moreay Commercial demonstrator in operation in Dennmark (12 MWh)
A Concrete Eco-Tech Ceram France Three commercial plants in operaticn in France [total 3.3 MWh)
A Sand Energynest MNorway Two commercial projects in Belgium [5 MWh) and Norwey (4 MWh)
A Silicon Rondo Energy LISA, First commercial project in operation in USA [2 MWh)
A Ceramidoricks _ _ . . . -

; ) FPolar Might Energy Finland First commercial plant in cperation in Finland (2 MWh)
A Graphite

Build to zero Spain First commercial project under construction
Storerorks Power LUSA Cemonstrator in operation
Heat Transfer Fluids:
Carbon-Clean Technolosy Germany Demonstrator in operation [1 MWh)

A Water/Steam Malta Group LS4 Demonstrator in operation in the U5A
A Air

- 1414 Desrees Australia Demonstrator of SiBrick in operation in Australia [1 MWh) 8
A FlueGas 8 8

- ————
A Molten Salt Kraftanlagen GmbH Germany Two demonstration plants in Germany (2 MWh and 20 MWh)

e . o
A ThermaIOII https://solarthermalworld.org/news/worldwideoverviewof-high-temperatureenergystoragesystemproviders/ ¢ Stand: 03.2024 400 C
A Ar, N2, CO2
12
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Heat Storage
PressurizeWater

A Pressure> Temperature up to 20%C
A Pressurebottom ~ 10 bar / top 6 bar
A Limited tank volume ~ 6000 m3

A Single or multiple vessels in series
A Expansion vessel required

AUp to 850 MWh

13

©Fraunhofer ISE

https://www.fernwaerme-ulm.de

Total 3,000 m3
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Tank
Heat and Cold Storage

PressurelesgVater

3,500 m3 56,000 m3

https://www.eins.de

ATypes
Tank ~ 100,000 m3
Pit ~ 200,000 m3
Borehole ~ 20,000 m3
Aquifer

Pit
A Capacity up to ~ 12,000 MWh
APower up to ~ 200 MW

AReduced losses (small surface to volume ratio)

A Application: Dstrict/localheating cooling large -
scaleindustrialcooling short term / seasonal NS

SEUBIC Report of IEA ECES Annex 30

14
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https://www.stadtwerke-duisburg.de/

20°C
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Cold Storage

Water / Ice

A Lowcoststoragematerial

A Storagevolumeup to 1700 m3
A Capacity~ 160 MWh

A Limitation dueto thermal conductivity
Immersedheatexchanger
Detachingof ice
Encapsulated

A Applications Building jndustrialcooling

15
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http://www.thermofin.net/products/cristopiathermalenerqystorage/
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Research: Cold / Heat Transport and Storage
Project Optimus / KETEC: Phase Change Slurries

Motivation
A Alternative heattransferandstoragefluid with highstorage
capacityfor applications betweer30 to 60°C

Waterin Oil PhaseChangeSlurries< 0 °C
A Storagecapacityup to 3,5 timeshighercomparedto oil
C Furthertestingof cyclestability, subcooling

Oilin Water PhaseChangeSlurriesl2to 60 °C
C Storagecapacityup to 3 times highercomparedto water

C Provenfor 10.000cycles

~

C Nextstep. Demonstration7000I

© Roland.chem, CCO, via Wikimedia Commons

16
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TemperatureRangedor Technologies TES Ranges - Cold... warmer... hot!

Thermal storage from -30 to-14

o)

-100 0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Temperature/ °C

17
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The Thermal Energy Temperature Ranges (KEF)
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Thermal energy storage solUtions to optimally Manage BuildingS and Unlock

their grid balancing and flexibility Potential

PHASE I: PHASE II: PHASE llI:
Key enabling Validation & Replication
technologies Demonstration campaign
development campaigns
19 partners from 9 countries
Jan 2023 | >Dec 2026
M1 M6 M12 M18 M24 M30 M33 M36 M42 M48
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PHASE | PHASE I PHASE Il

a D . :
FractLES/SorTES development for [ Validation/Demonstration ] [ Replication campaign to study

: - further impact of the solutions in
intraday/up to 4 weeks use campaigns to reach a TRL6/TRL7 up to 5 replication sites

—
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[ Al
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L L _E_________________! /(?
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different levels and with the most
suitable module combination

Applications to H&C and DHW _ at [ Dedicated studies of the impact at 1

DHN and electric grid level




ThumbsUp

How does a thermochemical TES work?

The general reaction involved is:

Heat storage charging reaction

CHARGE
Bl

A

S B

B C

Heat storage period : B and C
endothermic reaction leading to the are kept separated, in order to

formation of B and C separately avoid recombination reaction

STORE

3

B

A <—B + C

A and B are solid ( or liguid) compounds
C is a volatile compound

C

Heat storage discharging reaction
exothermic reaction between B and C
which allows to extract heat from the

storage system

.o > B+
B C A
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How does a sorption TES work / heat and cold storage?

Charging
phase

Heat
stored

Discharging
phase

Desorber Condenser
Heat Vapour
Adsorbent / .
—> pmlio — Liquid
@ Heat
/ Ambient \
Adsorber Evaporator
— Vapour
sorbent o
ol —— Liquid
Heating effect Heat

(25-50 °C)

[

Ambient

Cooling effect
(5-20 °C)
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Sorption storage classification

Adsorption versus Absorption

Op p

Adsorption Absorption

Concentrated solutions of salts
e.9. LiCl, MgCI2, LiBr, CaCl2, NaQH, H250,

— Liquid Absorption

Solutien of Tri Ethylene Glycal (TEG)

Solution of NH3

Chemical
Reaction

Weak chemisorption of vapors in salis (hydrates)
a.g. water, ammania, ethanol, methanol

Strong chemisorption e.g. metal hydride reactions,
axide-hydraxide or oxide-carbanate reactions

Sorption Heat Storage
[

Solid
Adsorption

—{ Solid Sorption |-

Composites
Salt (e.g. CaCIZ/LIBrMWgS04/MgCI2) in porous matrix

(a.g. silica gelizeolites/graphila)

Zeolites, silicagel, aluminophosphates,
metal-organic frameworks

10.1016/j.apenergy.2016.12.148




(a)

Examples of operating

Do =86mm
. Do=76mm _,

Flowmeter

Charging

Discharging

7o
Data

collector
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1 -

.

" Reactor

Humidity
sensor

Humidity sensor

30mm

-

52mm

30mm

30mm

Temperature (°C)

(a) 130

Temperature {(°C)

(b)

Specific humidity (g'kg)

A A A A A

20 40 80 a0 100 120
Time (min)

Charging

45

40t

35

—&—nlet
—8—hi
e )2

. h3
—— outlet

100 150 200 250

Time (min)

16

14

12

300

temperatures: open sorption TES
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20 40 80 a0 100 120
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400
..,
350+ BEESESD

Discharging

10.1016/j.renene.2023.119033
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Examples of operating temperatures: closed sorption TES

15 (
- l ™ s
j— ) b
t < 40
L T g
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& _E 30
= = “Ton
o =T
5 +v++ Tont caperns ) a) | 20 = Taseten , b)
( 200 400 GO0 SO0 1000 0 200 100 GO0 [O0 1000
Time (s) Time (s)
5000
-++- Adsorber
4000 ‘%‘ —Evaporator/Condenser
= 3000 ’%gg
- : s
> : TiE.
z g ' )&‘é : 2
2 2000 Bis
1000 “,;!
VAN e A -
~ ;J"Ll'vrks’\‘\ N
0 Mo B
0 200 400 600 800 1000
Time (s)
: Dischargingphase temperaturelevelsand powers
Prototypedesign

10.1016/}.jjrefrig.2018.08.006
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10.1016/j.applthermaleng.2017.06.085
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Examples of operating temperatures: closed sorption TES

O C I I I I | I I I I | I I I I |

0 1000 2000 3000 400C

Time /s
TMT_in — TMT _out — TLT_in — TLT_out

Dischargingphase
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Phase change materials:
Unlocking the thermal
energy storage

Dr Meixi Liu ( m.liu.1@bham.ac.ui
Birmingham Centre for Energy Storage,

University of Birmingham
9 Sep 2025

0 UNIVERSITYOX
P%J BIRMINGHAM

pro GAl
funded by the European Union
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University of Birmingham (UoB)

Ranked in the

TOP 100 TOP 20

of the world’s universities of all UK universities

Founded in 1900,UoBwas Engl and’ s fir st
Original Redbrick University, part of the Russel Group.

Two campus: Edgbaston (Birmingham) and Dubai.

o Do Do P>

Each year, more than 40,000 students from across the world

Birmingham is the We teach over

second most targeted 34,000

study at Birmingham.
N university in the UK students at both A 6 subjects are placing in Top 50 and 20 subjects in Top 100.
by ’[Up emplgyers | lindergraduate and

postgraduate-levels

QS World University QS UK University
alumni _and staff We are investing Ranking 2026 Ranking 2026
recognised as 76 11
Nobel Prize winners ~ [FFesesess
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Birmingham Centre for Energy Storage

(BCES)

Established in 2013 with a £12 million investment from UK
industry and the Engineering and Physical Sciences Research
Council (EPSRC).

A As a Centre, we are currently involved in over twenty
international research projects and thirty national research projects

with a combined value of £90m. Energy Materials Energy Storage and  Energy Informatics Thermal Energy
Group Conversion Group Storage
Our Research: EERIIIRIIGL, DESITIIT. MUY SR
A Material development of PCM and TCM e obibaih it =
_)
A Design, integration and optimisation of PCM and TCM based https://www.birmingham.ac.uk/research/centres -institutes/enerqy -storage

devices for variety applications

A Develop small scale and large scale ofiiquid air energy storage
technology

A Topology optimisation on geometrical configuration of TES
systems

A Applied research on systems for decarbonising heating and
cooling, thermal management

Prof Yulong Ding Prof Yongliang Prof Emma Prof Jonathan  Prof Chenggong
FRENg Li Kendrick Radcliffe Sun

+6 Academic staff

A Fundamental research onheat-fluid -interface interactions to
intensify the phase transition


https://www.birmingham.ac.uk/research/centres-institutes/energy-storage
https://www.birmingham.ac.uk/research/centres-institutes/energy-storage
https://www.birmingham.ac.uk/research/centres-institutes/energy-storage
https://www.birmingham.ac.uk/research/centres-institutes/energy-storage
https://www.birmingham.ac.uk/research/centres-institutes/energy-storage
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THUMBSUP - Thermal energy storage solUtions to optimally
Manage BuildingS and Unlock their grid balancing and

flexibility Potential

https://www.thumbsupstorage.eu/

1 |

Building energy : :

Local and Grid management system ! !
Renewable ‘ 1 1

Electricity

Heat, Cold and Renewable

] THUNGS ‘f" Electricity are used
— short-duration @
TES for optimal )
H&C . THUMBS UP Short-duration TES: |

Sustainable Bio-based PCM

 9=0

THUMBS UP Long-duration TES:
Non-hazardous Sorption Composite

)+ =(

House heating, Domestic hot
water and Cooling are produced

______________________

o

Develop daily TES and weekly TES
Integrate TES in the buildings to improve
the energy efficiency

Increase energy density

Reduce the CAPEX


https://www.thumbsupstorage.eu/

ThumbsUp
Why energy storage matters

Water heating

A Heating and cooling is responsible for half of all s

consumed final energy in Europe.

A 45% of energy for heating and cooling in the EU is

i . . L Heating Space
used in the residential sector, 37% in industry and and heating [ Process
18% in services. cooling 26% heting

51% 3 15%

A The vast majority —85%- of the demand is fulfilled "
by fossil fuels, most notably natural gas. Heating
and cooling accounts for 68% of all EU gas
imports.

; Cooking
_________________________________ o

Space cooling
1%
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Ways to store heat

Temperature (°C)

Thermal energy storage (TES)

Energy is stored by heating or
cooling in a storage medium.

Sensible heat energy
storage

solid and liquid materials
0 aGaYy

Stored heat (kWh)

Low energy density
(50 kWh/m3)

—

Latent heat energy
storage (LHTES)

Phase Change Material (PCM)
0 AaQrYY aQrYY avyQ

N

Temperature (°C)

/ |

Stored heat (kWh)

Medium energy density
(100 kWh/m3)

Thermo-chemical
energy storage

Reversible reaction

0 &YO

Charging step Storage step

Discharging step

L - &

High energy density

(500 KWh/m3)

% — iy

*9_}
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Key Components of the LHTES

Heat transfer fluid (HTF) , Heat exchanger, PCM

HTF: working fluid, water, Air, oil, gas

Heat exchanger: transfer heat to/from PCM.
Shell and tube heat exchanger, finned tube heat exchanger,

plate heat exchanger,

PCM: core material to store/release the heat from HTF.

Paraffin, salt hydrate, fatty acids, molten salt



ThumbsUp
What is Phase Change Material

A Phase Change M aterial (PCM) are materials that absorb and PCM melts
release large amounts of energy when they change phases, for
example from solid to liquid or liquid to gas, to provide the
stored energy for heating or cooling a system.
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A The material melts or solidifies at the phase change Heat Storage
temperature, and by doing so a PCM is capable of absorbing or
releasing a substantial amount of energy as compared to
normal. Energy is stored or released by changes of state or by a
change in the internal structure —this is why PCMs are also

called latent heat storage (LHS) materials.
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PCM Types

Organic
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Inorganic
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Temperature range of PCM

PCM type Low Medium High
temperature | temperature | temperature

Melting <100 100-200 >200

temperature (°C)

Latent heat 100-600 200-700 600-1100

(kJ/kg)

Applications Building Solar Waste heat
heating and | thermal recovery
cooling applications

Latent heat (kJ/kg)
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PCM Melting temperature range [1]

[1] Zhang, P., Xiao, X., & Ma, Z. W. (2016). A review of the composite phase change materials: Fabrication, characterizationmathematical modeling and application to performance enhancement. Applied Energy, 165, 472-510.
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How to select PCM?

Ask:

1. What temperature range do you need?

2. How much energy storage capacity is required?

3. Isthe PCM chemically stable and safe for long-term use?
4. Does PCM compatible with container?

5. What about cost and availability?

Phase change characteristic Phase change temperature and latent heat;
Final user requirement: Outlet temperature, charging/discharging temperature;
Thermo -physical properties : high thermal conductivity, large heat capacity, high density;

Chemical properties : no corrosion, high chemical stability, compatible with container, no toxicity, no flammability and no
polluting;

Environmentally friendly : good recyclability;

Do Io Do Io Io Do

Economic: low cost, easy availability.
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Characters of using PCM

Advantages

A Energy efficiency: Using PCMs reduces energy
consumption by maintaining stable temperatures
as it decreases the dependability on heating and
cooling systems.

A Temperature control: PCMs help maintain a
stable temperature providing a more comfortable
environment.

A Environment -friendly: Many PCMs are eco-
friendly and help with energy -saving efforts.

Challenges

A

A

Low conductivity: PCM have a low thermal
conductivity, which leads to a reduction of heat
transfer.

Price: raw materials are not expensive, additives
and encapsulation process may increase the cost
between 45%-65% for organic and paraffin-based
PCMs, and between 30%-35% for inorganic
compounds.

Durability: Organic PCMs degrade over time,
impacting their performance.

Corrosion: Some compounds like salt hydrates are
corrosive to metals, thus requiring proper
containment design.

Research and development: Proper integration
and effective use of PCMs in existing systems and
materials require further research and
development.
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Applications of PCM

BLOOD PRODUCTS
IN TRANSIT
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Key Components of the LHTES

Heat transfer fluid (HTF) , Heat exchanger, PCM
HTF: working fluid

Heat exchanger: transfer heat to/from PCM.
Shell and tube heat exchanger, finned tube heat exchanger,

plate heat exchanger,

PCM: core material to store/release the heat from HTF.
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Heat exchanger \
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Plate topology [2]

Fin configuration [1]
[1] Sciacovelli, A., Gagliardi, F., & Verda, V. (2015). Maximization of performance of a PCM latent heat storage system with innovative fins. Applied Energy, 137, 707-715.
F | tiorsofitme enetdy and e&ergik petfoemarce of dolar thermal, phtaveltai© and phdtbuatiegcr-thecmallmodrlesdasedxoprellrbbnche n t a

[2] PoredoS, P., Tomc, U., Petelin, N., Vidrih, B.,
heat exchangers. Energy conversion and management, 210, 112674.
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Applications in THUMBSUP

Heat exchanger enhancement on heat exchanger topology : / =

A To achieve high heat transfer rate by Topology Optimisation method. ==

A Reduce the pressure loss.

J/
/4

PCM improvement for low temperature PCMs . |
A To achieve high storage density, inpau
A High stability up to 12000 cycles,
A Reduced CAPEX. -l —

FractLES solutions
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Thank you!

Dr Meixi Liu m.liu.1@bham.ac.uk
Dr Hector Bastida
Prof Adriano Sciacovelli (DTU)
Birmingham Centre for Energy Storage,
University of Birmingham
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Let’'s talk about it!
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Thank youl!

Bl THUMBS UP project
ORI GA101096921 funded by the

European Union


https://www.thumbsupstorage.eu/

ThumbsUp

Thermal energy storage solutions to
optimally manage buildings and unlock
their grid balancing and flexibility potential.
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