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Electricity generation from thermal power

» Fossil (gasé&coal)

» Nuclear

» Renewables
+biomas
+solar-thermal
+geothermal

Electric network

Electricity
Turbine generator

Thermal

Energy
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Storing “low-cost electricity”

Electric network

» Renewables \‘»&;&/f%? =
Wi T awstonese
+*\Wind
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Having termal storage for STE means...

»Power generation becomes independent of solar resource
« Overcome transients (clouds occurrence)
« Extend operation time (during the night)

DISPATCHABLE
ENERGY/POWER

Electricity Demand

Solar Resource

Electrical Demand

0 2 4 & 8 10 12 4 16 18 20 22
Time
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Having termal storage for STE means...

» Power generation becomes independent of solar resource
« Overcome transients (clouds occurrence)
« Extend operation time (during the night)

* Provide constant power
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Having termal storage for STE means...

» Power generation becomes independent of solar resource
« Overcome transients (clouds occurrence)
« Extend operation time (during the night)

* Provide constant power

» Favors electrical production under nominal conditions
* Increases the annual performance of he power block



Net plant output, MWe

Simulation of a 125 MWe STE plant without storage
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Having termal storage for STE means...

» Power generation becomes independent of solar resource
« Overcome transients (clouds occurrence)
Extend operation time (during the night)

Provide constant power

Favors electrical production under nominal conditions
* Increases the annual performance of he power block

« Promoting other renewables to be integrated in the energy mix



‘Dispatchable’ implies that power
production is well-forseen and managed

« Spanish case:
* Around 2.3 GWe of STE installed
* 40% STE plants have a 1GWh, TES

v Profiles of power provided by STE is similar to demand profile (see figure,
left scale for GWh demand and right scale for STE power generation)

Typical summer day

35000,0 - 2500,0
33000,0 - 2000,0
31000,0 - 1500,0
29000,0 - 1000,0
27000,0 - 500,0
25000,0 ,0

1 3 5 7 9 11 13 15 17 19 21 23

e==G\Wh Demanda ===MWh Termosolar



Example of continuous STE power
generation in Spain

With large thermal energy storage systems STE plants can
provide base load

Continuous power generation over 100MWe during 405h = 17 days
2 400

2 000
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0
1 200
=
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400
100
) Hour
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STE’s treasure

Commercial Thermal Storage Systems with large CapaC|tymean
« For the owner: electricity sold when the pool price is higher (more profit)
« For System operator : Dispatchability, Grid stability

]

L Higher ct%ng ) Storage implies a cS 3-4 / kWh

system . . . .

% differential value compared with non-
! \ dispatchable generation systems

Higher cost | «yariaple” > 3

for backup gc‘a/r?gfatign d'i\goraeté\lhgll;ll-e

conventional X

technologies systems

systems

N

[More backup| | STE is the necessary piece for

conventional

systems | | a renewable-base generation
mix
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Complementarity of STE with PV and Wind

Typical yearly generation profiles of the most deployed renewable technologies
Which technology could

Average hourly WIND Production Average hourly PV Production fill h o
- Lo ill up these gaps?
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PROTERMOSOLAR Electrical Sector
Transition Report

s

Study based on real hourly data of demand and
power generation with different RES

WWW.protermosolar.com

(English presentation at

https://www.protermosolar.com/wp-content/uploads/2019/02/Protermosolar-
Transition-Report.012019.pdf)

Demand forecast by 2030
Generation data of all » Proposed mix » How much What is the What is the
technologies in previous in 2030 * backup is generation emission
years required? cost? level?

A zse


http://www.protermosolar.com/

Impacts of having TES of large capacity

1. Impacts on the Power network

v'Promoting an energy mix with RES, not only
STE but also others like wind and PV

v'Possibility to use dumping electricity from wind
and PV

v'Permanent back-up capacity at low cost



Benefits of using large TES systems for back-up

- 50 STE plants, each of
100MWe and with 12hour
= TES, could provide a
strategic back-up of
& 30GWh, without additional
= investment.

et The cost of pumping power

«= stations for the same
capacity would be of 7.500
Mio €

’W?Olg +Transicion Energética - El papel de las centrales Slide 17



Impacts of having TES of large capacity

& Impacts on the Power network ¥ Impact on the STE plant

v'Promoting an energy mix with v Adding a new subsystem
RES, not only STE but also

others like wind and PV v' Bigger solar field

v' Possibility to use dumping
electricity from wind and PV

v High back-up capacity at low cost

& Impacts on Plant management

v’ Dispatchable power production to
meet the peak demand

L °
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Impacts of having TES of large capacity

The size of the solar field depends not only on the nominal electric power of the
plant but also on the existence or not of a thermal energy storage (TES) system

and on its capacity.

300

Andasol
—— |bersol

250 /
200 /
150 i

Potencia Térmica Util
Campo solar (MW)

wl ]
1
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Hora Solar
Source: CIEMAT, EZM
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With thermal storage (Andasol)
- 50 MWe nominal power

- 510000 m? of PTCs
Thermal storage 1000 MWh

Without thermal storage (Ibersol)

- 50 MWe nominal power
288000 m? of PTCs
NO thermal energy storage

Thermal power required by
the power block (50 MWe)
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Commercial TES Systems: Two-tank systems

 Most widely used in commercial STE
plants

 Solar salt as storage media

SOLAR SALT: Non-eutectic mixture of nitrate salts:
w-60%NaNO3+w-40%KNO3

L Sse (l== Bl \\/hy Solar Salt?
Maximum working temperature ~575°C

High thermal capacity (~2800 kJ/m3°C))

Low vapour pressure

Non explosive or hazardous material

Previous experiences in Solar Two (USA, 105 MWh), CESA-1 (Spain,
12MWh), Themis (France, 40MWh), CRTF (NM,USA, 7MWh)

At 240 °C they solidify
Corrosion issues specially at high temperatures

Q ®® © 0 0 0 O |-

P
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Two tank storage system. Charging

Solar Field
I ’J'\ “L ’J'\ |[ Steam Turbine :
Solar +

JLARS R RS B l E-Zﬂlt-{hslfa ?QE: ‘:E Superheater E :
2 R4 Rls la R | |

| Steam
- : Generator |
e alle A KA R | |
| |
AL | Solar |
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Two tank storage system. Discharging

Fal Power Block

/% | Steam Turbine _

B Solar
i T{a"-":l:hslfl%?ge | Superheater C-

: Steam
Generator

/% % ‘ /_]i .-"....

Solar —
= | Preheater——y

L

H“‘*I Keheater
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Examples of commercial parabolic trough
plants with TES

Extresol 1, 2 and 3 Spanish case :
— * 50 MWe
§ * Oil as HTF => 293°C (cold tank)
& 393°C (hot tank)
* 7.5 h of storage in two-tank solar
salt storage system:
2 tanks of @~ 36 mx H~14 m
~28000 Tons of salts

——r (AT ———

Andasol Complex.

P
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GemaSolar: 1st commercial tower plant
with storage

¢ Located ay Fuentes de Andalucia (Sevilla)
¢+ Owned by Torresol Energy
¢+ Nominal power:20 MWe
+ 140m tower & : 2600 heliostats of 120 m? each s
+ HTF: solar salt (290°-565°C) H
¢ 15 h of storage, 2 tanques stacse
--
Luz solar Se G - Tramslormadar
mL?‘LEEEEEa'E - E‘Sﬁ
Hvapor da an_ua rack que 5= H\
itk 13 turbind v &l genesador
Tanque 1 qua produce [a enargia
Saestias 40, Tuebina -
. SN i .
N hina

5 " Vapor do agua
i 0
L6 { Las sales & parer

—_ calor gararan

La luz solar incide sobre

. . Tanque 2 Cambiador m
105 helibstaios redejindota ; Dél Brigus 2 paséna Vapar ce agua
hacla el recepior Sales calintes Iravés de tuberlas a de calor
carmbiadcres de calor

Fuentz: www borresalenargy com

by http://www.torresolenergy.com/TORRESOL/inicio/es
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Sensible heat storage: principles

» There is a temperature change in the storage medium
» Direct storage:

« Charge: HTF from solar field is stored

« Discharge: HTF is directed to power block

Receiver

Cold tank

N\ B T
» Steam Gene/ra&or/ Heliostats

Power Block




Sensible heat storage: principles

» There is a temperature change in the storage medium

» Direct storage: > Indirect storage:
* Charge: HTF from solar field is stored « Charge: HTF from solar field transfers
» Discharge: HTF is directed to power block energy to storage medium

Indirect storage (HTF=storage medium)

Temperature

0.0 0.2 0.4 0.6 0.8 1.0

AQ/O
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Sensible heat storage: principles

» There is a temperature change in the storage medium

» Direct storage: > Indirect storage:
* Charge: HTF from solar field is stored « Charge: HTF from solar field transfers
» Discharge: HTF is directed to power block energy to storage medium

» Discharge: Storage medium transfers
energy to HTF going to power block

Indirect storage (HTF=storage medium)

Discharge T, |

S\ ?

Temperature

0.0 0.2 0.4 0.6 0.8 1.0

AQ/Q

Pt
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Sensible heat storage: principles

There is a temperature change in the storage medium

Direct storage:
« Charge: HTF from solar field is stored
« Discharge: HTF is directed to power block

Storage capacity (kWh) depends on
temperature interval in the storage medium:
AQ=m-C, -(T,-T;) =(>0 in charge; <0 in
discharge) =T,-T,
For liquid storage media:
* Heat transfer mechanism is convection
» Discharge power may be kept constant
For solid storage media:
» Heat transfer mechanism is conduction
« Discharge power might not be constant

A zse

» Indirect storage:

« Charge: HTF from solar field transfers
energy to storage medium

» Discharge: Storage medium transfers
energy to HTF going to power block

» There is a temperature gap in HTF
between charge and discharge (AT)

Indirect storage (HTF=storage medium)

Temperature

Charge/Discharge

0.0 0.2 0.4 0.6 0.8 1.0

AQ/Q



Sensible heat storage: storage medium requirements

» High volumetric thermal capacity, pC,
« Solar salt (60%NaNO3+40%KNO3): ~2800 kJ/m?3 °C
* Sinthetic oil: ~ 1900 kJ/m3°C
« water: ~ 4200 kJ/m3°C
« concrete: ~2500 kJ/m3°C
* rocks: ~2700 kJ/m3K
« Vitrified industrial wastes (Cofalit y Plasmalit): ~3000 kJ/m3K
» Low vapor pressure for liquid media — avoiding presurized tanks
« Water has to be under pressure: 30bar/230°C; 100bar/311°C (*)
« Therminol VP1 has a vapor pressure of 11bar at 395°C
» Stable in the temperature range of operation, (T, T,)
» Non explosive or hazardous materials

» Low price materials
Molten salts fulfil these requirements

Pt
N 2sé



Configurations of sensible heat storage:

Single tank system. Thermocline

Solar Field
N C— Power Block
I'TTT .
Steam Turbine

1l % Solar I—-"I I"'f—| /}-\
alerats 1-Tdnk Thermocline Supert

Stqrage (with HX)

PR

I Steam
. | Generator Hot zone
:-]: ::T .-"“w .-"x
. i =
gL AR RO RS & Solar 2
Frehea j
AP — Solar a
Reheal
T
oy
O-%—0
0
T

mn  Fluid temperature T e

(@’;234}- Slide 31



Thermocline tank: benefits and drawbacks

@/) ADVANTAGES:
» Just one tank = expected cost reduction up to 33%

» Having a solid filler =cost reduced down to 75%

y no filler with filler

Tank height
Tank height

Thermocline Thermocline

0 0 5
' Toin  Fluid temperature Ty Toin  Fluid temperature T,
CHALLENGES
~ » Thermocline region degradation

» Having a solid filler = Compatibility of media (HTF and filler)
» Having a solid filler = Thermal ratcheting

(%4 Slide 32



Thermal ratcheting

potential unfordable
mechanical stresses!!!:
for the walls and/or the filler

thermal walls contraction

Discharged tank Charging tank
cold wall tank and filler thermal walls expansion

c/f.i%SF% Slide 33
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Thermocline region behavior

3
)

X FEIRIIRFERIHRF IR

Temperature

> Not all the energy is useful for power generation:

For a similar capacity thermocline tank need a bigger tank
size than each tank in a two-tank configuration

Initial discharge

1 —%— Thermocline
Two-tank

full-discharge

!

t time o

» Thermocline region increases its size along the time

e=0.22, v =2 m/h, v__=2.35 m/h
400 m Ic

390
] - o

380 & N &
E re]

370 ] & &V 2

360 1
350 |«
340
330
320 1
310
w000/ 4 L/
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
z[m]

T[°C]




Thermocline region behavior

Tmax
% _ Not all the energy is useful for power generation:
g_ e For a similar capacity thermocline tank need a bigger tank
— Twotank | size than each tank in a two-tank configuration
Tmin /
¢ tme  t,

0 end

» Thermocline region increases its size along the time

K o o 1.00
%UQ 3 e o | —=—t=15x10"
- N = —o—t*=1.5¢10"
£ M\E 095 _a o 5e10”
M g - {4 —o—t=1.5x10"
"EK [ 0.90 4
Z Y, -
e Q\@% N 0.85
5 oy | T
S [ 0.80
-
‘ [~ 0.75 fcp
EEEEEEEEEED 0.0
- - - - [QO]J. - - -
during charging/discharging processes and during stand-by situations
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Thermocline tank requires...

Extracting (remove) completely the thermocline region out
/ of the tank

What to do with this energy?

» Solar field preheating during start-up

» Steam turbine preheating before starting operation



Sensible heat in solids (1)

« Special Concrete ( ~2500 kJ/m3K), ceramic,
industrial wastes (Cofalit, Plasmalit)

* Mechanical strength is critical

 Conduction is the main heat transfer mechanism
(kﬁpicas1 .5 W/mK)

Storage material

—

Gt
e

/ 2 3

Heat transfer medium I|:IIZI 500 1000 1500 2000
Time [s]
[ ]
®
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Sensible heat in solids (Il)

 Enhanced Designs
» Fins

Storage material

— B
—
e
_~

with integrated

! fins
Heat transfer medium i

* Modular systems (smaller AT: AT= AT1+ AT2+ AT3)

Themmal Qil Cycle Power Block
es :

£ [

CEFERT I 0 |

Solar Field

1 i .‘ 45 '. ".1
_.d:‘ LT d‘:i_ .
Rl Wi, Wi, R, NPl
Thermal Storage Sysiem

N il 1 %
D—E) ) B FE

D. Laing et al., 2008, J. Solar Energy Engineering, V 130.

AN NN
Yy

D
j
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Size comparison of concrete and 2-tanks with
molten salts for 1GWht of capacity

The plot of land required is 5 times smaller for molten salt system

g BEEREN
SssEan  WEEES
S mem

Wil

/

Laing, 2008
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« Latent heat storage - Integration Issues



Energy

Latent heat storage. Fundamentals

* The storage medium undergoes a phase change =Phase change
material (PCM)

» Charge process: Qres=Q,-Q1=MpcyAH pase >0

Al » Discharge proccess: Qrgs=Q;-Q,= MpcyAH paee <O

- Storage capacity, Qgs, depends on Latent
Charge enthalpy, AHqqe

Discharge . i ) i i )
oo 1 9%, PCM is chosen taking into consideration its phase
tate

al I change temperature, T,

Temperature * Tohase IS IMposed by the system delivering the
energy to be stored

Pt
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Is an Andasol type STE plant appropriate for
a latent storage system?

Charge

Solar Field

l-'l"\- ."I"'-\.

LA &

L1

A

A NI R AN

2-Tank Storage
(with HX)

i

Steam Turl:nne
Solar
Superheater
oo

10

temperature

Power Block

HTF from SF

_____________________________________
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Is an Andasol type STE plant appropriate for
a latent storage system? (ll)

Discharge .
Solar Field P > 37
WY o T 3
= 33
- ] 2-Tank Storage Iy
Al Al nlo R (with HX) o ”
AR AL RS & J

T T
A

AR AL s

A zse

temperature

A

200 310 330 350 370 390
Toil inlet (°C)

: Tto Pb from SF

E,Tto,PB
. HTF

________

fromTES. .. ..~ V
from SE

HTF to PB

Slide 43



Is a Andasol type STE plant appropriate
for a latent storage system? (llI)

Solar Field

1
2

AN

rl1
.

r'l 1 ¥

|l'|
e

I

iN

5

Latent
storage

p =
Z\A2sé}

Power Block

Steam Turbine
Solar ¢
Superheater
£

390°C ! 'T":(r)n PBfromSF

HTF from SFE
'Tto PB from TES

g ——————————————————————————————————————————————
g |
e
g HTF to PB
e .
Liux or AQ
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Direct Steam Generation STE Plant

Direct steam generation power plant

Steam

Solar field
[ [
NN

|| N W Y

i

Z\A2sé}

Liquid water

Power block

Water from SF
i Tto PBfromSF- -
:thoPBfromTES&

o !
§ i / Water to PB
g |
8
Lyx or AQ
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TonaseSUitable for DSG STE plants

» for parabolic troughs, T .. should be of about 310°C
(~100bar)

» For towers, T,,,s. should be in the range 310-350°C
(~100-155bar)

400
LINO, |

350

300
LINO;-NaNOs

200 NaNO, ¢
& KNO4-LINO; & NaNO,

150 ,
| KNO3-NaNO;-NaNOs __|
.

250 *

Enthalpy in kJ/kg

100 ~ ———¢— KNG3-NaNQO3; L KNO: ¢—

50

100 150 200 250 300 350
Temperature in °C

=
N 2sa



Commercial STE plants with DSG

Fresnel: Puerto Errado 1 & 2
Calasparra (Murcia)

Novatec Solar Espafia S.L.

1.4/30 MWe

HTE: water liquid/vapor (140-270°C)
Storage: 0,5 h ® RUTHS ACCUMULATOR

BLREALLCE Pt & &
‘\“‘\ \“\“S\\S\r((? -.\\.\\\;“ -“ ™ > 1
= 233

>\\..‘

Fresnel

http://www.abengoasolar.com/

Tower: PS10 and PS20

« Sanlucar la Mayor (Sevilla)

Abengoa Solar

10/20 MWe

HTF: water liquid/vapor (240°C)
Storage: 1 h ® RUTHS ACCUMULATOR

http://www.novatecsolar.com
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Termal storage with steam accumulators

« Water as storage medium
« Use sensible heat storage in pressurized saturated liquid water

« = Take advantage of the high volumetric heat capacity of water: 4200 kJ/m3K
« Sliding pressure systems: Ruths accumulators (American patent 1929)

« Charge: Superheated or saturated steam is stored as saturated water = pressure,
temperature and water mass increases in the vessel

« Discharge: Saturated steam is produced by lowering the pressure inside the storage vessel

Steam Charging Steam Discharging o )
—=—X] @9} 4 © Facilitate the operation of DSG plants
g under solar radiation transients
Isolated L .
Pressure Vessel// | Steam © Turbine has to work at lower pressure

J L H U H U L conditions (“sliding pressure”)
! @ They are not a long term storage option

Liquid Phase o7777777777777777777777,
AN

~———X
Liquid water

Charging / Discharging

[ ]

A zse



Features of a good Phase Change Material (PCM)

Calorimeter
- Adequate phase change temperature: 5’ o aion | s, a0 ans
T o2 | 5/\ .
phase S -28-’ 1% ~ = 2
: . . S 0. Cono
- No degradation in the working S ofraore | o
temperature range it s B

-100{
-120-

« Stability under cycling 140

10°C/min

* Reversible process: low supercooling

. ngh phase Change enthalpy: AHPhaseChange

« solid/liquid & liquid-solid phase changes:

» Conduction is the main heat transfer mechanism

=>High thermal conductivity

Pk
N 2sé

60 80 100 120 140 160 180 200 220
Temperature [°C]
Heating peak: 1662C
Cooling Peak: 107 eC
602C supercooling!!!
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Possible Phase Change Materials (PCM)

* INORGANIC salts

400

LINO; |#

350

300

& LiINO;-NaNO,

|
200 o KNO.-LINO, Nt Nane, | Thermal conductivity

150
|
KMNOa-NaNQ:-NaMNQOa
100 + —t = KMNO:-NaMNO. F— KNOs »—
. <IW/mK

50

250

Enthalpy in kd/kg

High thermal resistance

0
100 150 200 250 300 350

Temperature in °C

Since inorganic salt can’t be in direct contact with steam, they must be
separated by walls, which must withstand the high pressure of the steam.

Solidification of the PCM in contact with these walls creates a thermal barrier
for heat conduction (a great problem) because convection is avoided.
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Reducing thermal resistance (l)

« Packing the PCM in a matrix with high k

Metal foams

Composites:
Graphite+salt

Carbon fibers
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Reducing thermal resistance (Il

« Macroencapsulation
Metallic shells Clay & Metal Shell &
Sacrificial ma‘l'er'ial

Heat Seal

<300 C Outer

Layer Void for
Inorganic Layer P 1 thermal
Organic Sacrificial Layer orous Layer expansion

*AV/V high
ecOrrosion

2:\‘* 1234}, Slide 52

+(*) Courtesy of Terrafore




Reducing thermal resistance (lIl)

Extended Surfaces Graphite foils (horizontal pipes)

—

Phase Change Material (PCM)

LA A I P DLAAR
X DY DLHIIARX K ARXH KKK K
009200 %0 % 4 %

0IS0% - -
XA Finned Tube Design

effective Lamda > 10 W/ mK

HA Extruded
L longitudinal fins

680 kWh
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Latent heat storage: moving PCM
decoupling heat transfer area and storage place

* Innolat Project : Fraunhofer ISE - PCMflux concept: DLR
« Screw heat exchanger

- Both heat and material transport « Thin liquid layer connects PCM and HTF

» Self-cleaning piping. _ _
* eutectic mixture NaNO2-NaNQO3 & Tin as
candidates for thin liquid layer

+ Self-cleaning

Inlet

NaNO,-KNO,

—""" NaNO,-NaNO,-KNO,

fn e

/
wel steam

, BCM uprUnit
\ = A P\ Containers
B % -~
£ et
V. Zipf, et al.
Applied Energy DOI: 10.1016/j.apenergy.2012.11.044 tmu?sri]dih\?i‘;ﬁ "
PR & J WA
Ciemat ™ } ansportation Wires



Possible Phase Change Materials (PCM)

METALLIC alloys:

* Mg (49%)-Zn(51%): Tm=340°C ; 138 - 180 kJ/kg
* Al(60%) — Mg(34%) — Zn (6%): Tm=450°C , non stable?
* Mg (22%)-Zn(45%)-Cu(32%): Tm=305°C ; 157kJ/kg (Tecnalia)




Further applications of latent storage

Substitution of a sensible TES by a cascade latent TES

Air Exiting System to Turbine

ﬁ Solar Receiver
Steam Turbine
. 560C Generator
=g Superheated
T
I Pipes 3 8 Steam 538C
Tf=1375K ;,_" e o
- |
\_/ g Condenser
L <
Tf=1200K c ~. HX2HTF to
EZ > g:la;;e"r:leatad
\_/ Baffles |
Tf=1025K 3 N sm
\_// .... ¥l>\:‘:)z
HX-1 HTF to
Tr= 830K 300 C HTF return to tanks ]
v 300C . Heat Transfer Fluid Storage Discharge cycle
(HTF)
ﬁ Storage Charge cycle

Air Entering System From Compressor
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Further applications of latent storage

PCM: Li,CO4; +Copper for enhancing thermal conductivity

Optical
concentrator

Concentrated
Solar Flux

Verdier, et al.
SolarPACES2013

®
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...final comments..

» STE provides dispatchable power thanks to large capacity
storages available today commercially (two-tank
configuration with molten solar salt as storage medium)

» There is a lot of room for reducing the cost of this type of
systems (sensible TES): thermoclines —with/without fillers-,
solids, etc.

» There is still a lot of work to do to provide complete TES
solutions to STE plant with Direct Steam Generation (DSG)

» Follow a holistic approach when studying TES
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SFERA-III
1st Summer School
September, 9th- 10th, 2019
CNRS- PROMES, Odeillo, France

TES for solar thermal power
plants

Questions ?

Presented by Eduardo Zarza (eduardo.zarza@psa.es)
Esther Rojas (esther.rojas@ciemat.es)
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