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The challenge of the energy transition

Energy Transition

Fossil fuels

*® non-integrated
o few stakeholders
e centralised

e unidirectional

Earth and
Climate

Technological transition

D> >0 > > >4

Renewable energy
Energy efficiency
Energy flexibility

Systemic changes

B>

Organisational
structures of
the renewable
energy era

Organisational structures

>

Wider systemic
links and feedbacks

' Economy

| | /U Society

IRENA, World Energy Transitions Outlook:
1.5° C Pathway (2021)



Storage is to play a central role in this transition

 Demand shifting

 Variable supply integration
» Sector integration
 Network management




Electric energy demand in Spain.
Data from REE, 6/09/24

Nttps.//demanaa.ree.es

Demanda (MW) alas 10:55-06/09/2024 Estructura de generacion (MW) ‘“

32.064 31.671 31.939 0.069 Ealica 14,81 (%)

Real Prevista Programada Emisiones (t CO2 eq / MWHh)
Hidraulica 5 0,01 (%)

Solar fotovoltaica 16643 46,3 (%)
ﬂ} & Solar térmica 1474 4,1 (%)
Térmica renovable 457 1,27 (%)
Nuclear 6931 19,28 (%)

642 1,79 (%)

Ciclo combinado 1846 514 (%)

Generacion CO2 eq. asociado

Edlica 5.816

7500

N

Demanda (MW)

Edlica (MW)

N
w1
o
o

I
22

Maximo diario 32.590 a las 13:20 - 06/09/2024

Minimo diario 23.812 a las 04:30 - 06/09/2024 < 06/09/2024




Electric energy demand in Spain.
Data from REE, 6/09/24

nttps://ademanada.ree.es

Estructura de generacion acumulado progresivo (MW) a las
21:00-06/09/2024

Cogeneracidén y residuos 1651 4,43(%)
Turbina de vapor 132 0,35(%)
Turbina de gas 54 0,15(%)
Motores diésel 353 0,95(%)
Térmica renovable 443 1,19(%)
Solar térmica 1427 3,83(%)

Solar fotovoltaica 17593 47,25(%)

Generacion acumulada (MW)

Ciclo combinado 1620 4,35(%)
Carbén 638 1,71(%)
6928  18,61(%)

Edlica 6392  17,17(%)

Hidraulica -2716 0(%)

Intercambios int -45901 0(%)




Curvas de demanda y generacion en Uruguay
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A particular example

Electricity consumed
Solar output consumed

Storage

needed

Daily electricity household demand (in kW)
: : A.J. Carrillo et al.,, Chem. Rev. 119,
and solar production in Melbourne 4777 (2019)



Worldwide investments in key elements of the Energy Transition

USD billion

600

)| 297 0 me—
9% 263 10%
236 9y 241
12%
—183 174*-
143 8% gy
110 16% 30% M 874,
100 18%f - 89% - 88%
86% 86%

2005 2006 2007 2008 2009 2010 201 2012 2013 2014 2015 2016 2017 2018 2019 2020

@ Renewable energy @ CCS Electrified heat @ Energy storage
(excluding large

hydopower) @ Electrified transport @ Hydrogen CCS: carbon capture and storage

Although iInvestments on renewable energy are strong and continuous In time,
storage is still very far away



Power

generation
capacity

Grids
and
flexibility

Hydro - all (excl. pumped)

Biomass (total)

Solar PV
(utility and rooftop)

CSP

Wind onshore

Wind offshore

Geothermal

Marine

Electricity network

Flexibility measures
(e.g. storage)

Annual average investments
USD billion/yr

Historical 1.5°C Scenario

2017-19 2021-50
*

2 8
1389

IRENA forecast for required investments in the 1.5°C scenario



Technological advances are imperative

e New concepts: research
e Development of already proven technologies

Desirable requirements for storage concepts:

Requirement of
an efficient

A. Large scale capacity and high energy —_—
density |
. Good efficiency
. Flexible storing periods 60}

Transfer

. To avoid the use of critical materials
Large number of operation cycles
Economically affordable for investors
and stakeholders

TMOO




Energy storage technologies

Mechanical Electro-chemical Chemical Thermal Electrical

Secondary
Pumped hydro battery (Pb-A, : :
storage Na-S, Li-ion, Hydrogen Sensible heat Supercapacitor

Ni-Cd, etc.)

Flow battery
Compressed air (vanadium

storage redox and Zn-
Br)

Latent heat

Flywheel Chemical

Thermal Energy Storage (TES) has a privileged position among other technologies because in
principle is capable to achieve the mentioned requirements



What is Thermal Energy Storage (TES)?

It is the temporary storage of energy by heating or cooling a storage medium, so that the

stored energy can be used at a later time for power generation, heating or cooling applications
(European Association for Storage of Enerqgy, 2017)

Where is It used nowadays?

Today TES is tested and deployed in a variety of applications as:
, district heating, cold chain logistics

TES
Applications

Demand
shifting

Network /7 A\
reinforcement g

deferal

Sector
integration




Irena projections for installed TES capacity

Renewable energies share evolution:
e 2018: 10% power share worldwide

+  2030: 35%

e 2050: probably up to 50%

Power @ Heating @ Space cooling

2019

Thermal Energy Storage provides the essential flexibility to integrate high shares of
wind and solar PV power



Power

— 90> 0> °>6

Applied research  Prototype Demonstration Commercial Efficiency (%) Cost (USD/kWh) Lifetime (cycles) Temperature (°C)

Some types of TES

Solid state |

Technologies ) | O
(power applications) L) 530 <15 C (oot [‘l

High-temp. phase- g . -
BRI -&&
25-35

Salt hydration
Thermo-
chemical
Chemical looping

S 20-40  20-40

thermal @ 4 SRR years years
400-87

Short term (5 years) Long term (10+ years)

* Next generation of molten salts with increased * Developments in thermochemical storage could
operating temperature ranges and performance, enable much higher conversion efficiencies in CSP
improving conversion efficiencies and reducing plants.
costs of CSP plants. * Molten salt-based storage could enable fossil-

* Pilots could emerge for solid-state storage and fuelled power plants to be reused for renewable
novel standalone molten-salt thermal batteries. energy storage.

- | A Medium term (5-10 years)
(A jung le of acro nym S) 'w + LAES, adiabatic CAES and solid-state systems will

enable greater use of TES across wind and solar PV
generation, and also potentially serve as effective
alternatives to molten salts in CSP.




2. Compressed air en erg y W st rage (CAE
3. Liquid air energy storage (LAES)
4. Pumped heat energy storage (PTES, PHES...)




TES technologies
EED Mechanical Thermo-mechanical
-I Pumped-hydro PTES CAES LAES

Power rating
(MW) 30-5000 10-150 0.5-1000 1-300
Energy capacity
(MWh)
Energy density
(Wh/I)
Energy efficiency

100-20000 Up to GWh 0.1-2860 Up to GWh
0.5-2 10-100 0.5-20 50-200

65-87 438-75 40-90 45-70

(%)
B b R B

Response time Mins. s-Mins. Mins. Mins.
Discharge time 1-24 h 1-12 h 1-24 h 1-12 h
Storage duration Hrs.-months Hrs.-days Hrs.-months Hrs.-days

Site constraints Yes No Yes@ No

TRL Level 9 2-5 5-9 7-8
Maturity Mature In-develop. (b) In-develop.
Installed capacity 168 GW - 431 MW ~5 MW




1.- Concentrated solar power (CSP)
Rankine cycles with molten salt storage

Electric

Receiver
Generator Power
Turbine

Heat

Thermal Rejection

Storage System

Heliostats\ "

(-’- -~ e 1
D

Collector
Field

> . Pump/
Tower / e ] Exchanger Compressor

Receiver System Control

Room




1.- Concentrated solar power (CSP)
High temperature Brayton cycles with solid storage

Brayton
Cycle




1.- Concentrated solar power (CSP)
High temperature Brayton cycles with solid storage

3C

---‘

O

,--




=77 ;

2.- Compressed air energy storage (CAES)
Diabatic CAES

Huntorf plant, Germany. In operation from 1978, efficiency about 42%. 290 MW

y o
o - power plant

LY J
~ //

Huntorf CAES scheme (1 [ compressor, 2 [1 generator, 3 [] gas turbine, 4 [ salt caverns) [7]



2.- Compressed air energy storage (CAES)
Diabatic CAES

Huntorf plant scheme

Combustion
chamber 2

Combustion
chamber 1

Natural gas




2.- Compressed air energy storage (CAES)
Adiabatic CAES (A_CAES)

Packed bed solid storage

Exhaust

I WAL

Janlet

Heat loss

High
temperature

wn

o

o

0O

o)

s

- iy
_ | packed bed %
(g
o)
-

A




High temperature storage (over 800°C)
FPacked bed media

Pressure loss

Effective thermal conductivity of the bed Fluid/solid heat transfer

e EXxp. Cascetta

-— T Single-phase
Fluid o

- » s
conduction . "\ N — Schumann
3 \

Radiation W R p Continuous phase

Thermal gradient

Biot=0.077

Heat capacity of the walls
Axial conduction in the walls
Thermal losses

A. Gautam et al., J. Ener. Storage 27 (2020) 101046



ADELE A-CAES project, Germany (2017




3.- Liquid Air Energy Storage (LAES)

| Charge I Storage | Discharge \
l l-lot
storage l

EIectrnaty Electricity

Air cleaning Air cooling S | S
and S Liquid air Liquid air Air heating
compression liguefaction i evaporation and expansion l

Cold
storage —  Ajr stream
/ e  Hot thermal stream
e  Cold thermal stream




4.- Pumped Heat Energy Storage (PHES, PTES...)
(storage in solids)

Hot reservoir, T,

Charge Mode

Expander Compressor

Wy HP @ Cold reservorr, T,
X (; o< Y
" ‘ "~

LAL{LLLK

Pump and engine coupled Brayton cycles Round-trip efficiency

¢: Wout _ Pout

D. Pérez-Gallego et al., Entropy. 23 (2021) 1564 Wzn Pzn




Still R&D&i required: only pre-commercial scale prototypes

Newcastle University connects first grid-scale pumped
heat energy storage system

News (V) 2 minread

World-first in grid-scale pumped heat energy storage places UK at forefront of

energy storage R&amp;D, team claims N ewcaSH & U f iveI’S |ty, 20 1 9

Packed bed (sand, gravel)
Working fluid, Ar

Inlet pressure, 12 bar

Tmax: 790 K

Round-trip efficiency. 75~80%




MVaterial properties are essential

Thermophysical requirements Practical issues

a. High specific heat . Non-toxic

b. High density . Non-flammable




Thermophysical properties of several TES materials

Storage medium Temperature Average density Average heat Average heat
(kg/m?3) conductivity (W/mK) capacity (kJ/kg K)

Cold (°C)

Sand-rock-mineral oil
Reinforced concrete

NacCl (solid)

Cast iron

Silica fire bricks
Magnesia fire bricks
HITEC solar salt
Mineral oil
Synthetic oil
Silicon oil

Nitrite salts
Nitrate salts
Carbonate salts
Liquid sodium
Silicon carbide
S10; (crystobalite)

200
200
200
200

200
200

120
200

250

300
250

265
450
270
200
200

1700
2200
2160
7200
1820
3000

1990
770

900

900
1825
1870
2100

850
3210

2350

1
1.5
7

37
1.5
1

1.3
0.85
0.85
0.56
1
1.15

2.6
2.3
2.1
1.5
1.6
1.8
1.3

1.06
113




4.- |

PHES with liquid storage

Hankine or Brayton cycles

Medio de
Almacenamiento
Directo o Indirecto

Reservorio
Caliente

CARGA
(Bomba de
Calor)

ALMACENAMIENTO

Salida de Trabajo

Fluido

de
trabajo

L w1
Medio de
Almacenamiento
Directo o Indirecto

ooy

Reservorio

4
\:\ PY}/ frio
>
Compresion ‘%lh\ )
=

Ingreso de Trabajo

desde la red W

DESCARGA

(Motor ESPERA | | ESTABILIZACION
‘ Térmico) . .

Brayton-like
cycles
for both modes:
pump and heat
engine



2.- PHES with liquid storage
RHankine or Brayton cycles

Almacenamiento de Energia con ciclo Brayton

La diferencia en sistemas de almacenamiento liquido, es que el calor se
almacena en tanques que no estan en contacto con el fluido de trabajo. Esto
permite operar con tanques a menores presiones (mas baratos) y controlar las

pérdidas (mayor o menor aislante).

Intercambiador de calor

)
v -
.
»

) . lTanques de ; > Descarga
! P T~ o‘. - ~ . y " ' » . » . ' .
(1 as “l.\[ﬂl)ll(?llll) [”lu“]"‘\' termicos —9 (_-'cll';_‘.’il

I.l'(l’lli(]() D

Contenedor resistente

a la temperatura. |
- Liquido

Recubrimiento FEE 3
'érmico

\u'l‘nj

'l’umluv de E.~|wm Tanque de Almacenamiento

externo




Charge (heat pump) mode

Reservorios calientes

Qu

Reservorios frios




El ciclo Brayton opera entre dos niveles de presion, alcanza una
temperatura Ty y ;. A diferencia del ciclo de |a turbina de gas,
las fuentes de temperatura intercambian con el fluido de trabajo.
Se almacena sal caliente a Ty vy un liquido frio a 7Ty5.

Irreversibilidades
» Eficiencias en los procesos de compresidon y expansion (¢ y €¢)

» Eficiencias en los procesos de intercambio de calor (ey vy £/)

» Pérdidas de carga en los intercambiadores (APy y AP;).

También hay que considerar Heat Leak, pero como no son procesos
estacionarios. El Heat Leak es mas importante durante el periodo
de almacenamiento.




Pérdidas de calor (Heat Leak)

Cabezal de
distribucion
Paredes laterales
J, Pared metalica/Aislante/ Recubrimiento

Aire exterior

A Atre sobrenadante
1

Sales fundidas

Calentador eléctrico

‘z=Nuwvel de tangque
* > (Conveccion Natural

Refractario

Aislamiento |l I )l G g6 g by by b6y tiy oyl ——=> (Conveccion Forzada
Suelo [V Vil byl D Dy iy i b Lu b gl eeeeeeeenees > Conduccion
» Radiacion




Procesos de transferencia de calor en los tanques.

» (Conduccion a través de la capa de aislamiento térmico y las
protecciones externas ( Techo, fondo, pared).

Conveccion entre el aire sobrenadante y la sal.

Conveccidn entre la sal y las paredes (laterales y suelos).

Conveccion entre el aire sobrenadante y las paredes (laterales
y techos).

Conveccidn entre el aire exterior y la pared exterior (Forzada o
natural en techos y paredes).

Radiacion desde la pared metalica al interior del tanque
(techos y paredes).

Radiacion de las paredes laterales y techos al exterior.

Radiacién solar incidente (Techos y paredes laterales).




En el proceso de descarga se invierte el sentido del ciclo y la maquina témica
funciona en un ciclo de Brayton, tomando un calor Qy del fluido de alta
temperatura y cediendo un calor @, al fluido de baja temperatura.

Ve

We

Reservorios calientes

Q..

-@-»l/\/\/\/\/\l—b

Compresor Turbina

Reservorios frios



Comportamiento dinamico variando la relacion de velocidades
en carga y descarga.

0.9

0.8

0.7

N c,d / N td

0.6

0.5
035 04 045 05

Nf,(' /N(',('

Figure: RTE para descargas con N; 4 = 400rpm variando N¢ q/N: gy
para cargas con N. . = 550rpm variando N; /N .

De esta forma se puede utilizar la diferencia de velocidades entre compresor y
turbina para generar el salto de presion. Y hay una relacidon que maximiza el

RTE.




