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✓ At that time the only CSP plants in

operations were the SEGS plants in

the Mojave desert that used oil as

heat transfer fluid with gas integration

and without thermal energy storage

✓ Because of thermal energy storage

(TES) for this kind of plants is a key

component to improve dispatchability

and power production, it was

introduced in the CSP plant. Molten

salt was used as heat storage

medium.
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The research activities on CSP started at the beginning of 2000 under the

presidency of Prof. Carlo Rubbia. The main objective was the use of solar energy as

the only or main source of energy at high temperature
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Overview

HT

CT

Solar 

Field
Thermal 

storage
SG Power cycle

MOLTEN SALT
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100 bar

> 40%

The diathermic oil used in solar

collectors is a polluting fluid and

dangerous for its flammability

Once characterized the binary molten

salts mixture it is thought to completely

remove the oil from the solar field and

replace it with the salts.

ENEA decided to use parabolic trough

as concentration technology and use

the molten salt as heat transfer fluid

and as heat storage medium realizing

a direct thermal energy storage with 2

tank



Oil vs Molten Salt
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Low freezing temperature (∼ 12°C )

High thermal stability (12  400°C)

Low viscosity

No corrosivity

Limited maximum temperatures > 400°C

Chemical contamination, air oxidation, thermal

decomposition (H2)

Working under pressure to prevent evaporation

at operating temperature (∼10 bar at 393°C)

Problems of toxicity & fire

High cost (∼47 €/kg)

High maximum temperature (∼600°C)

High thermal stability ( 240  600°C)

No toxicity problems

Low working pressure

Low cost (∼0.51 €/kg)

Low corrosivity

High freezing temperature (∼238°C)

Advantages:

Disadvantages:

Advantages:

OIL

Disadvantages:

MOLTEN SALT



Solar Field with oil vs Solar Field with molten salt
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Higher SF efficiency : +5.9% (72% vs 68% at 900 W/m2)

Lower steam cycle efficiency: -7.3% (38% vs 41% )

Higher SG power: 131.6 MWt vs 122 MWt ( 50 MWe )

Higher SF area & Energy stored: 1052 MWht vs 976 MWht (8 h )

Thermal Energy Storage System: Indirect (OIL/SALT HX)

High OIL/SALT HX thermal duty: PSG· (SM-1)

Lower storage temperature (∼ 380°C)

Lower steam cycle efficiency during discharging

Higher storage volume: +175% (14.42 vs 5.25 m3/MWh)

1052 · 14.42 = 15170 m3 => 28034 t

976 · 5.25 = 5124 m3 => 8916 t

Volume +196%

Salt mass + 214%



Oil as HTF and Molten Salt as HSM
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Expansion 

vessels

Aereal view of Andasol1

Oil/Salt heat

exchangers



ENEA Facility - PCS
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ENEA after the study on

the molten salt, realized

a facility in Casaccia

center in order to test

the solar component and

the molten salt as HTF

and HSM. The plant is

composed by a

parabolic trough

collector, an electric

boiler and a tank for the

storage. The power

block for the electric

production is not present

because it is only a plant

for testing activities.
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STORAGE 

TANK

ELECTRIC 

HEATER

PUMP

AIR COOLER

INTERNAL ELECTRIC HEATER

ENEA Facility - PCS



ENEA activities on thermal storage with molten salt
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Thermal Energy Storage with 2 Tanks direct (Archimede)

Thermal Energy Storage with 1 Tank direct (MATS, OPTS, PCS)

Thermal Energy Storage with 1 Tank indirect (STS-MED, ORC-PLUS)

Thermal Energy Storage with Molten Salt used as PCM (ATES)



Thermal Storage with 2 Tanks direct
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Thermal Energy Storage

Steam

generator

Solar field

During the operation there is:

a transfer of fluid from cold tank to hot tank via the solar field (Charge phase) 

and from hot tank to cold tank via the steam generator (Discharge phase)

Charge Discharge

Charge

Discharge



Archimede Plant – Thermal Storage
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Salt melting

system

Cold

storage

tank

Hot

storage tank

Steam

Generator



Archimede Plant – Solar Field
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Pre-heater

Evaporator

Super-

heater

Steam drum

Archimede Plant – Steam Generator



Thermal Energy Storage Hot Tank sizing
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For each MWh of energy to the steam 
generator, the volume of fluid transferred 
from the hot tank to the cold tank is:

𝑉1 =
𝑚𝐺𝑉 × 3600

ρ(𝑇𝐻𝑂𝑇)
[𝑚3/MWh]

𝑚𝐺𝑉 =
1000

𝐶𝑝(𝑇𝑚) × ∆𝑇
[ kg/s ]

The volume of the fluid to have the TES 
capacity expected:

VTES = TEScapacity x V1

Maximum level

Minimum 

levelH1

H2

H

D

TES Capacity=full load hours 

of energy

The real volume of the hot tank (and of the fluid)  

will be greater of VTES : 

H1 : minimum operating level that depends 

on the pump suction head   

H2 : upper volume to mitigate liquid sloshing



Thermal Energy Storage Cold Tank sizing
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To calculate the volume of the cold tank we have to consider that, initially, this will 

contain all the fluid in the system: solar field, piping, steam generator and TES system: 

Vsolar field = Vloop x 𝑁𝑙𝑜𝑜𝑝

Vpiping = 1.4· Vsolar field

VCT=Vsolar field + Vpiping + VSG + (VTES + Vmin) 
𝜌(𝑇

𝐻𝑂𝑇
)

𝜌(𝑇
𝐶𝑂𝐿𝐷

)
+ Vmin

Vsolar field

Vpiping

VSG

VStorage



Thermal Energy Storage – Tanks behavior
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ENEA has developed a software tool

in order to simulate the thermal

storage behavior as a component

connected to a solar plant during a

year of operation

Hot tank 

temperature

Cold tank 

temperature

Thermal Energy stored

in the hot tank



Thermal Energy Storage  - Thermocline
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Exploiting the natural properties of the molten salts to stratify with temperature, 

ENEA has developed a new thermal energy storage technology with a single tank

In order to  limit the component in the 

plant, it is possible to put the Steam

Generator inside the tank.

In the upper part of the tank there is

the hot salt and a pump that feeds the 

steam generator positioned outside

the tank



Test Facility in ENEA Casaccia
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In ENEA Casaccia a 300 kWth

steam generator  inside the  

storage tank of the PCS plant 

has been realized.

SG design 

parameters

Molten salt Water

T_inlet °C 550 240

T_outlet °C 320 520

Flow kg/s 0.859 0.123

Steam pressure bar 55

SG power kWth 300

Coils n 3

Mean tube length m 35.8

Active length m 1.2

Heat transfer area m2 4.3



Test facility in ENEA Casaccia

2 m

2 m

∼10 t of 

molten salt

: molten salt

: water/steam



Experimental results
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∼
483°C

FW flow

FW Temperature

Steam Temperature

∼ 6000 s

Molten Salt temperature

distribution inside the tank

at the beginning of the test

Water temperature & flow

during the test



Experimental results
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∼ -25%

Molten Salt temperature at the

steam generator inlet and outlet

during the test

Molten Salt flow rate inside the

steam generator: at the end of

the test it decreases of about

25%.

Molten salt Temperature

FW flow

Steam Temperature

∼ 2°C

∼ 5°C

∼ 8°C

TT_8_111

TT_8_110

Molten salt inlet temeprature and steam

outlet temperature from steam generator:

✓ ∼ 2°C of DT at the beginning of the test

✓ ∼ 5°C of DT at the end of the test

✓ ∼ 8°C of DT in the molten salt inlet



Temperature distribution
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Steam generator

Storage tank

Distr temp SG.pptx
Distr temp Tank.pptx


Tank temperature distribution
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∼0.7 m

∼14°C

Temperature [°C]

H
e
ig

h
t

[m
m

]

Thermocline

height

DT in the upper

part of the tank

at the end of

the test



Numerical simulation
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Node 1

Node i+1

Node i

Node i-1

Node N• The model is based on a sequence of quasi

steady states solved with a finite difference

technique

• The tank has been modelled as a transient one

dimensional stratified element and divided into N

horizontal node of equal height

• In order to evaluate the temperature distribution,

for each node the energy and mass balance

equations are solved

• The conductive term is negligible and thermal

losses are not considered

ENEA has developed a numerical model of the tank with the steam generator

inside in order to predict the behavior of the system



Experimental & numerical results
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Comparison between experimental data and calculated data at different time 

during the discharging phase

0

200

400

600

800

1000

1200

1400

1600

1800

2000

250 300 350 400 450 500 550

T
a

n
k

 h
e

ig
h

t 
[m

m
]

Temperature [°C]

Discharging phase

0 1000 2000 3000 EX 0 EX 1000 EX  2000 EX  3000



MATS Plant
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In Egypt a solar plant with these carachteristics is under construction:

➢ Parabolic trough collector;

➢ Heat storage system with steam generator integrated

➢ Desalination unit

➢ Steam turbine and Power block of 1MWe



Thermal Energy Storage: 1 Tank indirect
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ENEA has developed a new indirect thermal

storage system based on a single stratifyng

tank with two heat exchangers inside. These

heat exchangers are used to charge the

storage (charging phase) and to transfer

heat accumulated to the user (discharging

phase). A prototype of this innovative

technology has been realized in the

Casaccia center in order to support the

development of a real cogenerative plant

realized in Palermo (STS MED Project)

Charging Heat Exchanger Discharging Heat Exchanger



Thermal Energy Storage: ENEA Facility

29Freiburg, Germany 27/10/2017

Hot circuitCold circuit

Discharging

Heat

Exchanger

Charging

Heat

Exchanger



Charging Phase
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Hot oil enters on the top of the

tank through a pipe inside and

feeds the heat exchangers

positioned on the bottom of

the tank. It is composed by 5

coils connected in parallel.

After transferring the heat to

the salt, oil is conveyed into a

channel and transported

towards the top of the tank.

During this phase the molten

salt pass through the heat

exchanger, increases the

temperature and starts to move

from bottom to the top of the

tank.



Charging Phase: Experimental results
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Temperature distribution inside the tank 

The axial temperature distribution is

quite the same with a translation

towards higher temperature. 

There is no initial temperature

increase at the top of the tank and the

subsequent downward movement of

the thermocline zone.

Probably this may be due to an high

initial salt flow rate connected to an

high thermal power transferred by oil.



Discharging Phase
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Cold oil enters on the top of the

tank through a pipe inside and

feeds the heat exchangers

positioned on the top of the

tank. It is composed by 5 coils

connected in parallel.

Hot salt enters on the top of

the tank and passes through

the coil in counterflow with

respect to the oil. During this

phase the salt decreases the

temperature and starts to

move from the top to the

bottom of the tank.



Discharging Phase: Experimental Results
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It is possible to note that when the 

thermocline zone reaches the top of the 

tank, there is a stratification that

remains during all the discharging

phase.

Temperature distribution inside the tank 



Thermal Storage: 1 tank indirect
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The TES is a single tank with two internal heat exchanger

positioned on the same axis. The lower HX is used to charge

the solar energy into the TES, while the upper HX is used to

discharging the energy stored.

It is an indirect TES: the heat transfer fluid (oil) and the

storage medium (molten salt) are different. The presence of

the HX introduce a ΔT between the two fluid and therefore the

energy is stored at lower temperature of the SF and is

discharged at lower temperature of the TES.

This type of TES will be used in ORC-PPLUS plant in

Morocco

Charge

HX

Discharge

HX

Impeller

Oil Molten 

salt

Tin [°C] 300 190

Tout [°C] 205 285

Heat exchanger nominal condition

Charge Discharge

Oil Molten 

salt

Tin [°C] 175 285

Tout [°C] 270 190



Thermal Storage: Charging Phase
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Charge

300°C

205°C

190°C

285°C

Molten salt circulation:

✓ Natural

✓ Forced (impeller)

When solar radiation is present, the 

TES is charged with the hot oil that 

comes from the solar field and flows 

into the lower heat exchanger, the 

molten salt is heated

The temperature difference between 

the molten salt at the HX outlet and the 

tank’s average, causes the onset of 

convective motion and the salt starts to 

flow from the bottom part of the tank to 

the upper part

The molten salt stratifies with the 

formation of the thermocline. 



Thermal Storage: Discharging Phase
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Discharge

175°C

270°C

190°C

285°C

Molten salt circulation:

✓ Natural

✓ Forced (impeller)

During the ORC operation phase the 

cold oil flows inside the upper heat 

exchanger in counter flow with the 

molten salt at higher temperature; the 

salt is cooled and flows towards the 

lower part of the tank

The thermocline moves from the 

upper part to the bottom part of 

the tank discharging the thermal 

power stored by the molten salt.



Charging phase in Natural Circulation

(NC) 
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Molten salt flow depends on DT between the 

discharge channel and the tank

High dump of energy

TES not fully charged

Oil flow is regulated in function of the solar 

radiation and of the inlet temperature 

Oil mass flow rate 

and oil outlet 

temoperature

increase reaching

the maximum 

value

The solar field has

been completely

defocused



Charging phase in Forced Circulation

(FC) 
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Molten salt flow is controlled to maintain oil outlet temperature at the design value: 205°C

Oil flow is regulated

in function of the 

solar radiation and 

of the inlet

temperature

Max oil flow: 

➢ SF defocus,

➢ Energy dump

✓Less dump

of energy

✓TES fully

charged



Comparison charging phase NC and 

FC
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NC FC

Energy Stored 95% 100%

Dump Energy 27,6% 23,5%

Ttank >280°C 50% 80%

Temperature profile

into the tank at

different time

Temperature profile

at the end of 

charging

With the natural circulation, distribution

temperature of the tank is not uniforme 

and therefore is impossible to discharge

at the required temperature for the ORC

With the use of the impeller the 

temperature distribution inside the tank is

quite uniform



Discharging phase in Natural  

Circulation (NC) 
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The initial axial temperature distribution of salt in the tank is that at the end of the previous charging in natural circulation 

✓ oil flow rate from the ORC is maintained costant at nominal value:

15,44 kg/s,

✓ minimum oil temperature to the ORC: 260°C

Molten salt mass flow 

rate less than the 

nominal value: 27,73 

kg/s

Oil temperature less

than the minimum 

value: 260°C

Due to a poor initial

thermal stratification it is

not possible to discharge

energy from TES at

temperature higher than

the minimum required by

ORC



Discharging phase in Forced

Circulation (FC)
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Thxo_out >260°C 

for about 3,3h

With Forced Circulation the ORC is fed at constant flow but at variable 

temperature, with a reduced efficiency and a variable thermal power.

ms = 27,73kg/s 

(nominal value)

It is possible to 

discharge

13,1MWht 

Energy from SF MWht 26,1

Energy Charged MWht 18,9

Energy Discharged MWht 13,1

Charging Efficiency % 72,4

Discharging Efficiency % 50,2



Discharging phase in Forced

Circulation (FC) 
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Calculated on the energy

available and limited by 

TES capacity

The initial axial temperature distribution of salt in the tank is that at the end of the previous charging in forced circulation 

Energy available from SF MWht 26,1

Energy Charged MWht 20

Energy Discharged MWht 17,5

Charging Efficiency % 76,6

Discharging Efficiency % 87,0

Overall Efficiency % 66,7

✓ molten salt mass flow

rate is maintained at

the nominal value by

the use of the internal

impeller

✓ oil flow rate from the

ORC is maintained

costant at nominal

value

✓ minimum oil

temperature to the

ORC: 260°C

T oil > 260°C for about 4.5 h 



Charging/Discharging Cycling
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Due to the limit on the minimum oil temperature, it 

is not possible to complete the discharging and the  

temperature distribution of the tank is not uniform

The outlet oil temperature 

reaches the maximum value and 

then the solar field is defocused

As a consequence it was 

not possible to charge 

completely the TES

Result
• Energy stored: 17,7 MWht

• Reduction: 12%

• Dump Energy: 8,73 MWht

• Increasing: 42%

Second Discharge: the temperature are almost identical to the first discharge as well as the 

thermal power and the energy stored
Conclusion

A further charge/discharge 

cycle was carried out and 

the results remained 

roughly the same, therefore 

after the reduction of the 

first cycle it would seem that 

the behavior of the TES is 

not influenced by 

successive cycles.



Thermal Energy Storage with PCM
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Several studies have been carried

out by ENEA on the molten salt as

a phase change materials (PCM)

to be used in thermal storage.

latent heat storage

sensible heat storage

Molten salt inside ‘tube’ to be tested



Molten Salt as PCM: ATES facility
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ATES 

(Advanced Thermal 

Energy Storage)



Latent Heat storage: Numerical Model
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➢ Simplified models

➢ Finite Element Method

➢ Computational Fluid Dynamics

Numerical modeling 

e.g.: temperature and melting rate distributions



Latent heat Storage: experimental Results
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NFPCMPCM

TES plain tube

TES finned tube

1 3

2 4



Facility Improvement
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Experimental Results
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Circulation system in-out temperature 

Internal PCM temperature
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