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Summary

This paper concerns the ongoing studies on a Concentrated Solar Power (CSP)

plant in operation in Ottana (Italy), comprising a 629 kW organic Rankine

cycle (ORC) unit fed by a linear Fresnel solar field. Hexamethyldisiloxane

(MM) and “Therminol SP-I” are used respectively as ORC working fluid and

heat transfer fluid in the solar receivers. A two-tank direct Thermal Energy

Storage (TES) system is currently integrated in the CSP plant, serving as a

direct interface between solar field and ORC. With the view of improving the

solar facility, two alternative TES configurations were proposed in this study: a

one-tank packed-bed TES system using silica as solid storage media and

another similar one including encapsulated phase-change material (molten

salt). Comprehensive mathematical models were developed for simulating

daily behaviour as well as for assessing yearly performance of the various TES

technologies. Furthermore, a preliminary economic analysis was carried out.

Results showed poorer response of the one-tank TES system to large fluctua-

tions in the ORC inlet fluid temperature, leading to reduction in the mean

ORC efficiency (18.2% as against 19.7% obtained with the two-tank TES). Con-

versely, higher energy storage density and lower thermal losses were obtained

adopting the one-tank TES, resulting in about 5% more annual solar energy

yield. Invariably, equivalent annual ORC energy production of 0.92 GWh/year

was obtained for the three TES configurations. Additionally, adopting a one-

tank TES system meant that the purchase costs of a second tank and its storage

medium (thermal oil) could be saved, resulting in investment costs about 45%

lower and, ultimately, levelized cost of storage about 48% lower than what

obtains in the two-tank TES system.
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1 | INTRODUCTION

Although some controversies still exist regarding the
capabilities of renewable energy systems to fully and sus-
tainably satisfy global energy needs someday, the critical
roles the renewables will play in the future energy mix
are never in doubt. Main drivers of the universal consen-
sus on the importance of renewable energy systems
include the potential depletion of fossil fuels and, most
importantly, their adverse effects on the environment.1

Consequently, substantial efforts are in progress aimed at
improving exploitation and conversion technologies of
renewable energy resources. Solar energy, being one
of such resources with universal availability and accessi-
bility, is currently being practically exploited for electric-
ity generation using the photovoltaic (PV) and
concentrated solar power (CSP) technologies,2 but also
other applications, such as feeding air-conditioning
systems,3 heating water in thermal solar systems4 and
solar green houses,5 are being explored towards efficient
exploitation of this renewable source. While PV systems
convert solar irradiation directly to electricity for immedi-
ate applications, they are limited in the use of solar
energy in the thermal form.6 Conversely, CSP technolo-
gies convert solar direct normal irradiation (DNI) to ther-
mal energy at first, which can then be exploited either for
direct heat application, or further processed for electricity
generation via power cycles.7,8 In this regard, definite
research and practical efforts are being made over the
years to further improve CSP systems, generally towards
the advancement of clean and sustainable energy systems
as viable alternatives to conventional systems.9 The afore-
mentioned developmental efforts notwithstanding, sev-
eral impediments still retard the growth and practical
deployment of CSP systems today, a situation that has
placed a high premium on continued research activities
in this field. Most CSP-based energy systems are charac-
terized by low dispatchability and reliability, low effi-
ciency and high conversion losses, high investment and
running costs, complex control management strategies,
amongst others.10 These features emanate fundamentally
from the transient nature of solar irradiation, due to sea-
sonal and diurnal fluctuations. Specifically, it would be
imperative to shut down a CSP plant when solar irradia-
tion is unavailable or insufficient to operate the system,
thereby increasing also the system down-time, whereas
surplus solar energy is often wasted at other times when
it exceeds the nominal value. Thus, if CSP systems would
be operated optimally to play their intended roles in the
sustainable energy infrastructure, the limiting challenges
should be minimized. For this reason, CSP designs usu-
ally integrate thermal energy storage (TES) systems,11-13

which serve to accumulate excess solar thermal energy

during surplus times for deferred usage in times of insuf-
ficiency.14 In addition, to mitigate the fluctuating effects
of solar irradiation on CSP-based systems, TES systems
also serve the purpose of increasing the proportion of
solar energy being exploited, thereby maximising the
overall investment.15,16 However, the practical deploy-
ments of TES in real CSP plants often attract higher
degrees of freedom for designers, with attendant reduc-
tions in economic efficiencies of the integrated systems.
Thus, research activities are in progress towards optimal
design/selection of TES systems for real CSP plants, and
this also generally informed the relevance of the study
being reported in this research article.

With respect to CSP applications, it is common to
classify TES systems on the bases of integration concept
to the CSP section (active or passive TES system, direct or
indirect configuration) and the mode adopted for heat
storage (sensible heat,17 latent heat18 or thermochemi-
cal19). A succinct review of TES for CSP applications rev-
ealed that majority of the currently installed plants adopt
sensible and latent modes of thermal storage,14,20 with
direct or indirect integration configuration.21 Two-tank
type has been widely adopted in CSP systems under oper-
ation, while one-tank thermocline TES systems using
solid media such as rock or phase change material (PCM)
are drawing increasing attention for their higher energy
storage density.22,23 In such systems, a temperature gradi-
ent called thermocline separates a hot zone at the top of
the bed from a cold zone at the bottom.24 In addition, it
is common to add cheap solid materials such as granite,
quartzite, or silica particles, for enhancing the specific
heat capacity and reducing the storage volume, and ulti-
mately reducing the cost of heat-transfer fluid (HTF).25

Owing to the potentiality of thermocline TES system
in terms of high energy storage density and relative low
costs, numerous studies have been presented in literature
for investigating the feasibility and reliability of such sys-
tems in CSP applications. In this regard, Bruch et al26

carried out an experimental investigation in a thermo-
cline TES system while thermal oil was used as HTF. Spe-
cifically, they investigated the effects of temperature
difference during charge and discharge phases, as well as
effects of mass flow rate and partial load on the dimen-
sionless axial temperature profile. Results demonstrated
the suitable behaviour of the thermocline TES system
when integrated in a CSP plant, particularly regarding
the robust and controllable nature exhibited. This is con-
firmed by further experimental and numerical investiga-
tions related to multiple charge/discharge cycles.27 Also,
the performance of a pilot scale dual-media thermocline
TES system using a mixture of silica rock and sand as
storage media and oil as HTF was experimentally investi-
gated by Couturier et al.28 The authors concluded that
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the thermal behaviour after multiple charge/discharge
cycles is independent of most operating parameters and
depends mainly on the thermocline control strategy.
Rodat et al29 developed a dynamic model of a CSP plant
composed by a Fresnel solar field with oil as HTF, an
organic Rankine cycle (ORC) unit, and a dual-media
thermocline TES system. The numerical results con-
firmed the robustness of the overall solar plant also in
possible critical situations if reliable control strategies are
implemented for the TES system. A validation of these
results is given by experimental tests made on a 30 m3

cylindrical tank equipped with thermocouples for tem-
perature measurements at the inlet, the outlet, and the
middle sections of the bed.30 Chacartegui et al31 investi-
gated the expected performance of an ORC plant coupled
with a 5 MW CSP plant of parabolic trough type and inte-
grated with two different thermal storage types: a direct
TES system using molten salt as both HTF and storage
medium and an indirect one using diathermic oil as HTF
and molten salt as storage medium. Results showed a
similar efficiency of the power block comparing the two
TES systems, but the direct TES system requires a tank
volume reduced by 26% compared to the indirect TES.
Moreover, techno-economic analyses were also presented
in literature to demonstrate the profitability of thermo-
cline TES configurations. A numerical comparison
between two-tank and thermocline storage systems was
carried out in Rodríguez et al32 to evaluate the best sys-
tem to integrate with a CSP-ORC system. The results rev-
ealed the superior global attractiveness of the
thermocline solutions, since they exhibited similar ther-
mal performance but at a much lower cost of about 30%.
The relative cost reduction of TES systems based on ther-
mocline configurations was also proven by Pacheco
et al,13 based on the experimental results carried out on a
small pilot-scale (2.3 MWh) thermocline indirect storage
system using molten salt as HTF.

Recently, innovative thermocline TES configurations
based on a combination of solid media and PCM were
proposed in literature for enhancing the thermal perfor-
mance and thermal stability of these storage devices. On
this subject, a new concept of thermocline-like TES
device called multi-layered solid-PCM (MLSPCM) was
presented in Galione et al.33 Practically, the middle
section of a packed bed is filled with cheap solid particles,
while the top and bottom of the packed bed are respec-
tively occupied by two types of encapsulated PCM close
in phase change temperatures to the operating tempera-
ture limits.34 In this case, effects of thermal buffering on
PCM layers gave rise to only minor degradation of the
thermocline in the entire charging cycle. Moreover,
reducing the volume of the encapsulated PCM resulted in
very similar storage quality, albeit at much higher costs

than what obtains with the solid-filler material. Similarly,
Zanganeh et al35 presented a multi-layered TES system
for CSP applications featuring a single thin PCM layer
with elevated melting point positioned at the top of a
packed bed of rocks. The simulations showed that stabil-
ity would be sufficiently achieved for the outflow air tem-
perature close to the melting point of the PCM, with
PCM quantity measuring only about 1.33% of the total
storage volume, without any negative effect on the over-
all efficiency.

All the above-cited studies clearly show that the
choice of the most appropriate TES technology for practi-
cal applications remains daunting for designers and prac-
titioners, due basically to the high dynamical tendencies
during operations. In particular, different storage mate-
rials often possess different heat transfer characteristics,
which could usually be enhanced depending on operat-
ing temperature range, thermal inertia, and HTF flow
control; all of which correlate with the overall cost of
TES systems. A research gap in this field remains the
technical and economic evaluation of different TES types
in real CSP plants with known operational features. The
results of such comparative studies, if carried out com-
prehensively enough, would serve as viable sources of
information for designers, policymakers, and other stake-
holders, in the design/selection of appropriate TES tech-
nologies for future CSP projects.

In order to contribute substantially to the research
gap identified in the foregoing, this study is aimed at
comparative techno-economic assessment of different
TES technologies prominent for application in medium-
scale CSP systems, with reference to a real 629 kW CSP-
ORC plant running at Ottana, Italy. The plant integrates
an active direct two-tank TES system using thermal oil as
storage medium. Currently, research activities are under-
way to investigate practical solutions for improving the
entire facility, of which structural optimization of
the installed TES technology is vital. Thus, other similar
TES technologies are being considered that could provide
better alternatives to the existing one. Specifically, the
technical and economic performance of two other TES
configurations, a one-tank thermocline packed-bed sys-
tem with rock and sand as storage media and a similar
one that incorporates PCM in form of capsules, are fur-
ther investigated in comparison with the two-tank TES
currently in operation. One of the most important issues
addressed in this study is the interaction between the
new proposed TES system with the solar field and
the ORC plant currently installed. Adopting the two-tank
system, both solar and ORC plants always work in a quite
stable condition, since both the cold oil entering the solar
field and the hot oil entering the ORC plant keep gener-
ally an almost constant temperature, therefore the
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circulating mass flow rate in the solar field is regulated
only according to the DNI to keep constant the outlet
temperature. Conversely, using the thermocline TES sys-
tem, the solar field is expected to receive oil at increasing
temperature, particularly when the TES system is near
the end of the charge phase. In this case, the mass flow
rate needs to be increased to meet the requested oil tem-
perature at the exit. In addition, the ORC plant is
expected to receive oil at lowering temperature from the
TES system during the discharge phase. Ultimately, both
the solar field and the ORC plant are expected to work
partially in off-design conditions and this aspect is care-
fully investigated in this work, since it affects the global
efficiency of the plant. Moreover, the current ORC plant
is one of the largest in size integrated with a CSP
plant and a TES system completely operating at the
moment, making this study more attractive. A dynamic
simulation is a credible choice to reproduce the behav-
iour of the overall plant as close as possible to the reality,
also evidencing the effects on performances by adding a
layer of PCM at the top of the bed of the TES system. As
aforementioned, findings from such comparative study
would be directly applicable to other medium-scale CSP
systems, thereby providing a general scientific contribu-
tion that would be useful to designers, researchers as well
as energy policymakers. The study is particularly vital,
given that one of the compared TES configurations, the
thermocline TES configuration that combines solid mate-
rial with PCM as storage media, is relatively new, and
thus requires more investigations regarding its practical
performance in real power plants as is the case here.

The specific objectives of this paper are:

• Detailed thermodynamic modelling of the three TES
systems as well as the CSP and ORC units.

• In-depth analyses of daily control management strate-
gies of the different TES technologies for integration
with the CSP and ORC units.

• Comparative annual energy performance of the plant
with respect to the different TES technologies.

• Comparative economic performance of the TES tech-
nologies based on levelized cost of storage.

2 | PLANT CONFIGURATION

2.1 | Current configuration

As mentioned above, a real medium-scale CSP plant run-
ning at Ottana (Italy)36 is considered as case study. At
present, this solar facility integrates as a vital sub-system,
a two-tank direct TES unit for accumulating the solar
thermal energy produced in the solar field. At nominal

conditions, the storage system can store about 15 MWh
of thermal energy, accumulating around 195 tons of ther-
mal oil (“Therminol SP-I”). The latter flows through the
solar field as HTF and serves equally as storage medium
in TES tanks. The solar field is designed for a total col-
lecting area of about 8400 m2, composed specifically of
six parallel lines of linear Fresnel collectors with tracking
mechanism along North-South direction. The HTF circu-
lating through the solar field is designed for a mass flow
rate of 18 kg/s and a temperature difference of 110�C
between outlet and inlet collector sides. The control sys-
tem is set to regulate HTF mass flow rate as solar irradia-
tion fluctuates, to maintain as constant the HTF nominal
temperature at solar collector exit. At power generation
phase, the thermal oil stored in the TES hot tank is
pumped to the power block, where its energy content
is exploited as it flows through the interfacing heat
exchangers, after which it is pumped back to the TES
cold tank. An ORC unit (“Turboden 6HR Special”) based
on regenerative Rankine cycle running with organic
working fluid (hexamethyldisiloxane, C6H18OSi2). is used
for thermal-to-electricity thermodynamic conversion
process.

2.2 | Alternative TES configurations

In this work, the actual two-tank TES system is compared
with two alternative TES configurations. A one-tank ther-
mocline packed-bed system using rock and sand as
thermal storage media is assessed vis-a-vis another simi-
lar but with the upper layer composed of capsules filled
with PCM and sand in the interstices between the cap-
sules. The adoption of PCM placed at the top of the tank
is aimed at keeping as stable as possible the temperature
of the oil supplied to the ORC unit for improving the per-
formance of the overall system.35 In both cases, a reser-
voir with the same dimensions of the hot tank present at
the facility is adopted, consisting in a cylindrical steel
tank of 11 m in diameter and 3.5 m in height.

Figure 1 shows the system concept of the overall CSP
plant as well as the three TES configurations compared
in this study. In the case of the one-tank packed-bed sys-
tem, during the charging phase, the hot HTF enters from
the top of the tank and releases the heat to the solid
media or PCM, charging the TES system and generating
a thermocline along the axis of the bed. Conversely, dur-
ing the discharging phase, the cold thermal oil enters
from the bottom of the tank in reversed flow, absorbs the
heat from the solid media or PCM, and exits from
the top.

Table 1 reports the thermal properties of the various
storage media considered in this study. In the packed-bed
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case, silica is used as solid storage medium due to its
low specific costs and the large range of operating con-
ditions this material can operate without large varia-
tions in its thermal properties. According to Bruch
et al,27 a mix of rock and sand with a distribution of
80% and 20% is chosen to reduce the bed void fraction
of the packed bed. The diameter of rock and sand are
set to 30 mm and 3 mm respectively. In the solid
+ PCM case, the 90% in volume of the TES is consti-
tuted by silica rock and sand as in the previous case,
while PCM capsules having a diameter of 25 mm and a

shell made of steel with a thickness of 1 mm are placed
at the top of the bed. The void between the capsules is
filled with sand. The PCM is made of molten salt
(KNO3 60% + NaNO3 40%) and it has a melting temper-
ature of 221�C. This choice was made for technical rea-
sons since the melting point temperature is the
minimum acceptable temperature to avoid substantial
degradation in the ORC performance (this effect will be
analysed in Section 3.3), but also because it is a proven
and commercially available medium commonly used in
CSP systems. Both beds with and without PCM have a

FIGURE 1 Schematic of the CSP plant

including the three TES configurations

compared in this study

TABLE 1 Thermal and physical

properties of the storing media at

260�Ca

OILa SILICA PCM SHELL

Density kg/m3 704 2500 1950 7900

Latent heat [kJ/kg] - - 161 -

Specific heat capacity J/(kg K) 2755 830 1480 500

Volumetric heat capacity kJ/(m3 K) 1940 2075 2886 3950

Thermal conductivity W/(m�K) 0.10 0.10 0.48 15

aThe thermal properties of the oil are temperature-dependent, while the silica and PCM properties can be

considered as constant in the operative range of temperature observed in the TES system.
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porosity set to 0.27, while for the capsules, filling coeffi-
cient was taken as 0.85, to make room for fluid expan-
sion when undergoing the melting process.

Based on storage media characteristics and current
vessel volume (330 m3), the maximum storage capacities
of the three alternative TES configurations are deter-
mined and highlighted below (Table 2). By considering
the current two-tank TES configuration as reference, an
increase of about 45% and 55% in the maximum storable
energy is determined for the packed-bed and packed-bed
+ PCM systems, respectively. Furthermore, substantial
reduction in the mass of oil used as storage medium
(about 65%) is observed in the one-tank alternatives, with
a significant consequence in the cost-effectiveness of the
TES system.

3 | MATHEMATICAL MODELS

This section introduces the mathematical models devel-
oped in MATLAB-SIMULINK for the simulation of the
three TES configurations compared in this study, as well
as the other units of the CSP-ORC plant. Thermal proper-
ties of the HTF declared by manufacturer37 are taken as
reference, while the main design assumptions are
reported in Table 3.

3.1 | Fresnel solar field

The performance of the solar field (Fresnel type) mainly
depends on some environmental parameters, such as the
available DNI, solar azimuth, ambient temperature, and
wind speed. According to Cocco et al,38 the solar thermal
power input into the receiver _QINC

� �
is given by the prod-

uct of the solar field collecting area ASF, the reference
optical efficiency ηOPT,R, the Incidence Angle Modifier
(IAM), the end-loss optical efficiency ηENDð Þ and the sur-
face cleanliness efficiency ηCLN, as:

_QREC ¼DNI �ASF �ηOPT,R � IAM �ηEND �ηCLN ð1Þ

The Incidence Angle Modifier, calculated as product
of the longitudinal (IAML) and transversal (IAMT) com-
ponents, is determined as a polynomial function of the
longitudinal and transversal components θL and θT of
the solar incidence angle:

IAML ¼ 1:004�1:311 �10�2θLþ3:471 �10�4θ2L�8:860
�10�6θ3Lþ5:822 �10�8θ4L

ð2Þ

IAMT ¼ 0:9942þ1:23 �10�3θT �4:659 �10�4θ2T þ1:998
�10�5θ3T �3:242 �10�7θ4T þ1:586 �10�9θ5T ð3Þ

TABLE 2 Mass of solid or liquid media used to store energy and maximum energy stored for each case

Case Two-tank system
One-tank Thermocline
system (Rock + Sand)

One-tank Thermocline
(Rock + Sand + PCM)

Mass of oil (t) 195 67 63

Mass of rock + sand (t) - 607 557

Mass of PCM (t) - - 33

Maximum storable energy (MWh) 15.20 21.93 23.41

TABLE 3 Main design parameters introduced in the mathematical models

Solar field TES system

Net solar field area (ASF) 8400 m2 Tank volume 330 m3

Reference optical efficiency (ηOPT,R) 65.5% Inner Tank diameter 11 m

Focal length (F) 4.97 m Aspect ratio 0.32

Collector length (LC) 99.45 m Void fraction (packed bed) 0.27

Cleanliness efficiency (ηCLN) 98% Particle rock diameter (packed bed) 25 mm

Receiver volume (VREC) 1.20 m3 PCM capsules diameter (packed bed) 25 mm

Shell capsules thickness (packed bed) 1 mm
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The end-loss optical efficiency was evaluated as a
function of the longitudinal component of the incident
angle, the collector length (LC) and the focal height (F):

ηEND ¼ 1� F
LC

tanθL ð4Þ

The HTF outlet temperature (THTFSF,O ) was deter-
mined by using the following energy balance of the
receiver:

ρHTFcHTFVREC∂
THTFSF,O

∂t
¼ _mHTFSFcHTF THTFSF,O �THTFSF,I

� �
� _QINC� _QREC,LÞ
� ð5Þ

where ρHTF and cHTF represent the density and the spe-
cific heat of the HTF, VREC the oil volume inside the
receiver tubes while the overall receiver thermal losses,
( _QREC,L), was evaluated as reported in Forristall.39 Conse-
quently, the mass flow rate circulating in the solar field
( _mHTF,SFÞ was set to obtain an exit temperature (THTFSF,O )
as close as possible to design value (260�C), taking as
starting point the inlet HTF temperature (THTFSF,I ). The
HTF circulating in the solar field ranges between a mini-
mum of about 6 kg/s and a maximum of 18 kg/s, based
on the pump characteristics. Moreover, according to the
solar field control system implemented in the solar facil-
ity of Ottana, a DNI higher than 200W/m2 was imposed
to activate the solar field thermal production.

3.2 | Thermal energy storage system

Owing to the different physical behaviour of the packed-
bed TES configurations compared to the existing two-
tank direct storage, two different mathematical models
were developed for the comparative analysis. For both
configurations, the overall thermal losses due to an
imperfect insulation of the tank were evaluated consider-
ing an overall heat transfer coefficient (UTES) of 0.3W/
m2K.40

3.2.1 | Two-tank direct TES

According to Petrollese and Cocco,41 a zero-
dimensional modelling (namely, negligible thermal
stratifications inside the tanks) based on mass and
energy balances applied to the hot tank (HT) and cold
tank (CT) was adopted for simulating the two-tank
TES configuration:

∂mHT

∂t
¼ _mHTFSF � _mHTFORC ð6Þ

∂mHThHT

∂t
¼ _mHTFSFhHTFSF,O � _mHTFORChHT

�UTESATES THT�TAMBð Þ ð7Þ

∂mCT

∂t
¼ _mHTFORC � _mHTFSF ð8Þ

∂mCThCT

∂t
¼ _mHTFORChHTFORC,O � _mHTFSFhCT

�UTESATES TCT�TAMBð Þ ð9Þ

where mHT and hHT represent the HTF mass stored and
mean enthalpy in the hot tank respectively, mCT and hCT

the HTF mass stored and mean enthalpy in the cold tank,
_mHTFORC the HTF mass flow rate sent to the ORC,
hHTFORC,O the HTF enthalpy at the outlet side of the ORC
unit and ATES the tank external area.

3.2.2 | One-tank packed-bed TES

A transient, one-dimensional (1-D), two-equation numer-
ical model was employed for evaluating the thermal
behaviour of the packed-bed TES system. The tempera-
tures of the HTF (THTF) and the solid media or PCM
(TBED) were calculated separately, considering a 1-D axi-
symmetric geometry with a spatial step of 0.01m and a
time step of 10 s, and assuming a constant temperature
profile in the radial direction. According to Bruch et al,26

a weighted average diameter of 25mm is considered for
the silica. The following equations refer to the energy bal-
ance applied to HTF and to the silica or PCM (BED),
respectively26:

ε ρcð ÞHTF
∂THTF

∂t
þ ρcð ÞHTFu

∂THTF

∂x

¼ εkeff
∂THTF

∂x2
þαABED TBED�THTFð Þ

�UTESATANK THTF�TAMB
� � ð10Þ

1� εð Þ ρcð ÞBED
∂TBED

∂t
¼ αAS THTF�TBEDð Þ ð11Þ

where ε represents the bed void fraction, keff the effective
thermal conductivity of the overall bed, α the convective
heat transfer coefficient, ABED and ATANK the superficial
area per unit of volume of the bed and of the tank,
respectively, calculated according to previous studies.42,43

The convective heat transfer coefficient α is mainly a
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function of the Nusselt number according the following
known correlation,44 while AS depends on the particle
diameter and void fraction:

Nu¼ 2:0þ1:1 �Rep0:6 �Pr0:33 ð12Þ

AS ¼ 6 � 1�ϵð Þ
dp

ð13Þ

Considering that the thermal conductivity of the PCM
is low and the diameter of the capsules is relatively larger
in this case,45 effect of Biot number is not negligible, and
thus it was considered in the model. In the third case, the
storing media at the top of the bed is a mixture of PCM
inside capsules, the shell of the capsules and sand. The
sum of the weights of the three media is equal to
the complementary of the global void coefficient equal to
0.27 while the volumetric heat capacity is given by the
weight average between the three media:

ρcð ÞTopLayer ¼ 0:38 �ρPCM cPCMþLPCM �D TPCMð Þ½ �þ0:13

�ρsandcsandþ0:22 �ρShellcshell
ð14Þ

where LPCM is the latent heat of fusion of PCM while
D TPCMð Þ is a function that accounts for the latent heat of
fusion absorbed during the melting process:

D TPCMð Þ¼ 4 �exp � 4 TPCM�TPCM,mð Þ
TPCM,l�TPCM,sð Þ

� �2( )

� TPCM,l�TPCM,sð Þ � ffiffiffi
π

p� ��1 ð15Þ

It can be observed that the value of D TPCMð Þ would
be equivalent to zero at every point, safe at the interval
between the liquid phase temperature (TPCM,lÞ and solid
phase temperature TPCM,sð Þ, where TPCM,m is the average
value. Also, in order to ascertain the energy balance
through the phase transition by the multiple of D TPCMð Þ
and LPCM, integrating D TPCMð Þ over the range of all tem-
peratures gives 1. Lastly, the highest value is obtained
when the temperature equals TPCM,m. This function
enhances the phase change process, close to what obtains
in practice, in comparison with the enthalpy model.

The effective thermal conductivity, keff , of the bed
takes into account both the silica/PCM and HTF conduc-
tivity given by the following correlations:

keff ¼ kl
1þ2βϕþ 2β3þ0:1β

� �
ϕ2þϕ30:05exp 4:5βð Þ

1�βϕ
ð16Þ

ϕ¼ 1� ε β¼ ks�klð Þ= ksþ2klð Þ ð17Þ

where ks and kl represent thermal conductivity of the
solid media (PCM or rock) and of oil, respectively.

3.3 | Organic Rankine cycle unit

Performance of the ORC plant was evaluated by deter-
mining the net power and the outlet temperature of the
HTF exiting the power block, depending on the HTF
mass flow rate and temperature at ORC inlet, as well as
inlet temperature of the heat sink (water, with mass flow
rate assumed constant and equal to the nominal value).
The experimentally validated mathematical model pro-
posed in Petrollese et al46 was used for predicting perfor-
mance of the power block. Figure 2A shows how the net
power produced by the ORC unit responds by varying
temperature and mass flow rate of the HTF entering the
ORC, with a cooling water temperature at inlet side of
the condenser kept constant at 35�C. The effect of feeding
the ORC unit with a reduced mass flow rate and a lower
HTF inlet temperature is shown, with an obvious degra-
dation in the power block performance as the thermal
input reduces. Similarly, Figure 2B depicts how the net
power responds to an increase in temperature of the inlet
cooling water, assuming that the design thermal power is
constantly supplied to the ORC. Even in this case, a deg-
radation of the ORC performance is observed, caused
chiefly by the increase in saturation pressure during the
condensation process.

Finally, due to the transient nature of solar energy, it
is anticipated that the ORC unit would require daily
start-up and shut down. Since the energy input required
during the start-up phase is not negligible, on the basis of
Ottana solar facility experience, it was assumed that
30 minutes are needed for the power plant to complete
its start-up and during this period the power block is fed
by a design thermal power input without producing any
electrical power.

3.4 | Plant management

The DNI and state-of-charge of the TES system are the
two main parameters employed in the plant management,
leading specifically to the following four operating modes:

• Solar-to-TES. The ORC unit is kept off and the TES
system is charged by the HTF exiting the solar field to
reach the TES full-charge condition. In the case of a
two-tank direct storage, the hot tank accumulates hot
oil exiting the solar field, while the cold oil
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accumulated in the cold tank feeds the solar field. This
operating mode is active until all the thermal oil is
transferred to the hot tank. For the one-tank TES sys-
tems, the bed temperature increases gradually with
inflow of hot HTF from solar field, and the HTF leav-
ing the tank from the bottom returns to the solar field.
With the rise in the average temperature of the packed
bed, an increase in the thermal oil leaving the tank
occurs. Consequently, the rotational speed of the solar
field circulation pump is adjusted to keep the outlet oil
temperature close to the set value raising the HTF
mass flow rate. This operation mode remains active
until the pump reaches its maximum speed and the
ORC is then switched on, since this condition is veri-
fied when the TES can be considered charged.

• Solar-to-ORC + TES. The operational ORC unit is set
to the nominal electrical power value (629 kW net).
The HTF mass flow rate feeding the turbogenerator is
adjusted by means of a variable speed pump while the
HTF circulating in the solar field exceeds the thermal
power demanded by the turbogenerator. Consequently,
the excess is stored in the TES section. The cold oil
exiting the ORC is sent to the cold tank (two-tank case)
or mixed with the thermal oil leaving the TES system
and sent back to the solar field (one-tank case).

• Solar + TES-to-ORC. The mass flow rate of inlet HTF
required for ORC operation at design conditions would
not be sufficiently satisfied by the hot solar field HTF.
Therefore, the TES system is discharged to make up
for disparity in the thermal energy required for the
ORC to operate at nominal conditions.

• TES-to-ORC. The solar field does not produce thermal
energy and the ORC plant is exclusively fed by the TES
system until the latter is completely discharged.

Complete discharge occurs when all the thermal oil is
stored in the cold tank for the case of two-tank direct
storage or when the temperature of the HTF feeding
the ORC is lower than 200�C, which is considered as
the minimum acceptable by the ORC unit.

4 | RESULTS AND DISCUSSION

The expected performance of the CSP plant with differ-
ent TES configurations is presented and analysed in this
section. To begin with, the plant performance is
reported for a typical summer day (day 240) character-
ized by clear sky conditions, chosen such that, starting
from a completely discharged TES, all the operating
modes mentioned above occur during the day. Next,
the yearly performance to be expected of the plant is
analysed.

4.1 | Daily performance

On the specified summer day chosen for analysis, the
simulation results for the case of one-tank thermocline
packed-bed system filled with rock and sand are shown
in Figure 3. As can be seen, the HTF mass flow rate
(Figure 3A) circulates in the solar field for almost
12 hours (from 5.30 AM to 5.30 PM). Since the solar field
control system is set to maintain the exit temperature of
the HTF at the design value, as much as possible, a varia-
tion of the mass flow rate with the solar radiation occurs.
In the first part of the day, the Solar-to-TES operating
mode is active and all the HTF heated up in the solar
field is used to charge the TES system. For this reason, as

FIGURE 2 Responses of ORC net power by varying, A, mass flow rate and inlet temperature of HTF, B, water temperature at condenser

inlet
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shown in Figure 3C, the HTF mass flow rate sent to TES
unit has the same trend of the mass flow rate coming
from the solar field. The TES system is fully charged after
about 7 hours (at about 12:30 PM). This condition can be
observed through the quick increase of the rate of mass
flow of the HTF through the solar field up to almost
18 kg/s (the maximum value allowable in the solar field),
when the TES is approaching its full charge state.
According to the implemented operating modes, the
ORC unit is then started. Apart from a short period,
when the thermal energy produced in the solar field goes
beyond the thermal demand of the turbogenerator and
the share of the solar field HTF mass flow is sent to the
TES section (Solar to TES + ORC), the operating mode
Solar + TES-to-ORC is active during the last part of the
daytime. In fact, the solar field is unable to guarantee
the thermal power requested by the ORC unit and the
storage system is therefore discharged to make up the
energy deficit, as shown in Figure 3C. This operating con-
dition remains active up to about 5 PM, when the solar
field is deactivated and only the TES system supplies the
ORC plant (TES-to-ORC). This operating condition ends
when the TES system is substantially discharged, namely
when the temperature of the oil supplied by the hot tank
drops to 200�C, taken as the minimum acceptable tem-
perature by the ORC.

As shown in Figure 3B, the thermal power produced
by the solar field follows a similar trend of the HTF mass
flow rate apart from periods in which the temperature
variations from their nominal values become predomi-
nant. This occurrence can be observed close to the start-
up and shutdown of the solar field and when the TES is

approaching its full-charge state. In this case, a signifi-
cant rise in the HTF mass flow rate is not reflected in the
thermal power due to a corresponding reduction in tem-
perature difference between solar field inlet and outlet
sides. Furthermore, the HTF temperature decrease dur-
ing the last discharging period leads to a reduced thermal
power input into the ORC plant (at constant HTF mass
flow rate) and, consequently, to a decrease in the electri-
cal power produced. As already observed for the mass
flow rates, during the morning the trend of the thermal
energy flowing into the storage system for charging over-
laps the solar field thermal power curve. Similarly, when
the TES-to-ORC mode is activated, the thermal power
feeding the ORC unit coincides with the thermal power
discharged by the TES section.

To further explain the phenomena occurring during
the charge and discharge phase of the packed-bed system,
Figure 4 highlights how the temperature profile of both
solid media and oil evolve over time while charging
(Figure 4A) and discharging (Figure 4B). The initial pro-
file represents the thermal condition of the TES system at
midnight as residual condition of the previous day. Up to
6 AM, the TES system is inactive and both thermal losses
towards the external ambient and the thermal conductiv-
ity within the bed slightly modify the shape of the ther-
mocline. When the charge phase begins, the hot oil
enters from the top of the bed, and layers of the bed grad-
ually increase their temperature beginning from the top
up to a maximum of about 260�C. When the TES system
is fully charged, in accordance with the plant manage-
ment, the temperature of the bottom layer of the bed
reaches about 200�C. At about 12:30 PM, the flow

FIGURE 3 A, HTF mass flow rates and, B, correlated thermal power flows produced by the solar field and required by the ORC unit, C,

consequent HTF mass flow rates and, D, correlated thermal power flows obtained during the charging and discharging phase of the TES

system on a given summer day
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reverses, and the TES starts to discharge accumulated
energy. During the first part of the discharge phase
(Figure 4B), the overall system is in the “Solar + TES to
ORC” operating mode, since the HTF flowing through
the TES system must compensate the lacking mass flow
rate needed to reach a nominal value of about 12 kg/s
requested by the ORC plant. After 5 PM, the solar field
becomes inoperative, therefore, only the TES system
feeds the ORC plant, (“TES to ORC” operating mode).
The discharge phase lasts for about 9 hours and almost
all the bed reaches gradually the minimum value of
about 155�C, except in the last layer at the top where the
temperature remains higher. Indeed, this phase

completes when the heated oil exiting the top of the tank
attains a temperature still acceptable for the ORC unit to
operate in an efficient way (200�C).

The substitution of a layer of the bed made by rock
and sand with PCM capsules at the top of the bed is then
investigated as a viable alternative. The height of the
PCM layer has been assumed equal to 10% of the overall
bed height. In Figure 5, a vertical dashed line placed at
0.35 m along the x-axis divides the bed into two zones.
The zone at the left of the dashed line represents the side
of the bed with PCM + sand, while the other to the right
is the zone with rock and sand. Obviously, the inclusion
of the PCM layer introduces a significant difference in

FIGURE 5 Transient evolution of the thermocline profiles during, A, the charge phase and, B, discharge phase using rock, sand and

PCM as solid media

FIGURE 4 Evolution of the thermocline profiles over time during, A, the charge phase and, B, discharge phase, using rock and sand as

solid media
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the evolution of the thermocline, compared with that
obtained in the previous case. By referring to Figure 5A,
the PCM capsules in the first part of the charge phase are
heated by the HTF and their temperature increases until
reaching the melting temperature (221�C). During melt-
ing, the temperature of PCM increases very slowly due to
the latent heat of fusion, generating a step within the
bed. Once the PCM is completely melted, the tempera-
ture increases faster, and the profile of the thermocline
returns to be similar to that already shown in the case
without PCM. During the discharge phase, the effect of
introducing a PCM layer becomes evident when the TES
is almost completely discharged and the PCM reaches its
melting temperature (221�C). Analogously to the charge
phase, the temperature remains almost constant during
the solidification process, therefore the HTF temperature
calculated at the outlet section of the tank decreases
more slowly, thereby mitigating the drop in ORC perfor-
mance due to low HTF inlet temperature.

4.1.1 | Comparison with the current TES
configuration (two-tank)

Behaviour of the three different TES configurations
(namely, the current two-tank direct storage, one-tank
packed-bed filled with rock and sand and the latter
topped with additional PCM layer) were compared with
respect to the conditions on the chosen day. Mass flow
rate and temperature of the ORC inlet HTF were the
main performance variables considered for this analysis,
reflecting respectively the quantity and quality of the
thermal energy ready for supply into the ORC plant.

Figure 6 shows the main trends obtained for the two
performance variables during the considered day for the
three TES configurations analysed. For the same volume
of the tank, the higher energy capacity introduced with
the packed-bed configurations results in an increase in
the continuous operating hours of the ORC unit.
Another considerable effect in using packed-bed config-
urations is related to the ability to shift the ORC produc-
tion towards night-time: in Figure 6 it is possible to
observe the start-up phase postponed by about 2 hours
for the one-tank configuration relative to the two-tank
alternative and the ORC is in operation until midnight.
Consequently, the ORC unit generally operates with
lower ambient temperatures. This fact is beneficial to
the ORC conversion efficiency, since dry coolers can
reduce the inlet temperature of cooling water with a
consequent reduction in the condenser pressure. On the
other hand, significant variations in the delivered tem-
perature occur in one-tank configurations due to the
intrinsic characteristics of the packed-bed to store a
medium at different temperature, unlike the use of a
dedicated tank for storing the hot oil as in the two-tank
configuration. Consequently, decrease in the ORC net
power occurs for the one-tank configurations, especially
towards the night-time, when the TES systems are
approaching full discharge. The introduction of a PCM
layer only mitigates this performance drop and its effect
becomes evident for almost 1 hour. On the other hand,
a limited temperature variation, mainly due to imperfect
insulation of the hot tank, is observed by considering
the two-tank case. Accordingly, the ORC unit can oper-
ate close to its nominal condition with marginal varia-
tions in the conversion efficiency.

FIGURE 6 Mass flow rate and temperature of the ORC inlet HTF for, A, the two-tank direct TES configuration, B, the one-tank packed-

bed filled with rock and sand and, C, the one-tank packed-bed with the addition of a PCM layer at the top of the tank
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4.2 | Yearly analysis

Annual weather and environmental data were obtained
for the Ottana site using Meteonorm software,47 and they
form the basis for yearly performance evaluation of the
solar plant. Figure 7 shows the daily electricity produc-
tion during one year of operation in the case of the one-
tank configuration filled with rock and sand. A very simi-
lar distribution of the daily electrical energy production
is obtained with the other two TES configurations
analysed due to the similar storage capacity. As expected,
most of the annual electricity production is concentrated
during summer, when daily energy production over
10 MWh is reached, while during winter the ORC unit is
operative only one day per week on average.

Table 4 reports the main performance indexes of the
two proposed configurations compared to the actual one
with two-tank direct TES and with the CSP-ORC plant

without any TES system. The latter is taken as a refer-
ence for assessing the energy benefit arising from the
inclusion of an energy storage system in the considered
solar plant. The existing two-tank direct TES case over-
comes the instability of the thermal power generated by
the solar field. The presence of this TES device raises the
ORC mean yearly efficiency up to a value of 19.7% and
the ORC electrical energy production up to 0.92 GWh per
year. The ORC unit operates only when the hot tank is
almost full, providing, therefore, hot oil at a mass flow
rate and temperature quite stable close to the nominal
values, allowing to raise the main performance
indicators.

Since the HTF temperature feeding the ORC unit was
observed to be well below the nominal value for the one-
tank configuration, it results in a reduction of the mean
yearly ORC efficiency, which is about 18.2% when con-
sidering the packed-bed TES with silica. The introduction

FIGURE 7 Daily net energy

production of the ORC unit

throughout the year

TABLE 4 Comparison of the expected yearly system performance based on the different TES configurations

Two-tank
system

One-tank thermocline system
(Rock + Sand)

One-tank Thermocline
(Rock + Sand + PCM)

No
TES

Solar energy availability
[GWht]

16.03 16.03 16.03 16.03

Solar field energy output
[GWht]

4.86 5.09 5.08 4.81

Defocusing energy losses
[GWht]

0.01 0.01 0.01 0.15

TES thermal losses [GWht] 0.18 0.06 0.06 0

ORC thermal energy input
[GWh]

4.68 5.03 5.02 4.81

ORC energy production
[GWh]

0.92 0.92 0.92 0.78

Mean ORC efficiency [%] 19.7 18.2 18.3 16.2
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of a layer with encapsulated PCM ameliorates this draw-
back but the effect is quite marginal, since the mean
ORC efficiency rises only to 18.3%. Conversely, adopting
a one-tank system with a lower average temperature
strongly reduces the TES thermal losses towards the envi-
ronment. Furthermore, an increase in the solar field
annual production is also observed compared to the two-
tank system, since the overall receiver thermal losses are
lower.

Consequently, the annual electricity production
obtained by the three TES configurations analysed is
almost the same (0.92 GWh/year), confirming that the
two alternative solutions based on a single tank are a
valid alternative to the current two-tank system in use.

4.3 | Preliminary economic analysis

The prospective economic benefit of the alternative TES
configurations is assessed in this section. The solar field
and ORC unit are already installed, thus, the preliminary
economic assessment concerns only the storage units. In
view of this, the economic assessment uses levelized cost
of storage (LCOS)48 as a performance index, defined as:

LCOS¼
CAPEXTESþ

PN
k¼1

OPEXTES

1þrð ÞkPN
k¼1

ECSPþTES�ECSP,only

1þrð Þk
ð18Þ

with CAPEXTES representing the capital expenditures of
the TES section, and OPEXTES the yearly operational
expenditures of the TES unit. The expected yearly energy
production, ECSPþTES, refers to the production of the CSP
plant with integrated TES unit, while ECSP,only represents
the yearly energy produced by the CSP section only, with-
out any thermal storage device. The interest rate i is
taken as 5%, while the TES system lifetime N is taken as

25 years. The CAPEXTES were arrived at considering the
market unit cost of each vessel. Specifically, total capital
costs were obtained by adding unit costs for the number
of tanks involved, which can be 1 or 2 depending on the
chosen TES configuration, added also to the costs of
the storage media, proportional to the mass amount of
HTF, Silica rock and sand and encapsulated PCM. The
yearly operational costs are taken as 3% of the capital
costs. The CAPEX would be expected to reduce signifi-
cantly with the use of the one-tank packed-bed unit,
apparently as a result of savings made in the purchase of
vessels, as reported in Table 5. Moreover, a more
favourable unit cost of the silica compared to thermal oil
decreases further the capital investment. Consequently, a
reduction of more than 45% in the capital investment
costs of TES system is observed with the adoption of a
one-tank packed-bed TES, relative to the two-tank alter-
native. This fact, combined with the equivalent annual
energy production obtained irrespective of the TES tech-
nology, results in a significant reduction of the achieved
LCOS with the adoption of a one-tank TES. In particular,
the use of the sole packed bed made by rock and sand
gives the lowest LCOS (0.234 €/kWh), while the introduc-
tion of a PCM layer seems to provide no economic
benefit.

5 | CONCLUSIONS

Performance of different TES configurations have been
assessed for medium-scale CSP systems, with reference to
a real CSP-ORC plant rated nominally at 629 kW. The
CSP-ORC plant currently operates with a two-tank direct
TES system using Therminol SP-I as storage medium and
HTF. In this paper, the effects on the CSP-ORC plant of a
one-tank packed-bed TES using rock and sand as storage
media and another similar one with integrated PCM were

TABLE 5 Assumptions and results of the preliminary economic assessment for the different TES configurations49-52

Two-tank direct
option

One-tank packed-bed option
(Rock + Sand)

One-tank packed-bed option
(Rock + Sand + PCM)

Vessel volume 330 m3 � 2 330 m3 330 m3

Specific vessel costs 200 €/m3 200 €/m3 200 €/m3

Storage medium content 195 t (HTF) 67 t (HTF)
607 t (Silica)

63 t (HTF)
557 t (Silica)
33 t (PCM)

Specific storage medium
costs

2.5 €/kg (HTF) 2.5 €/kg (HTF)
0.15 €/kg (Silica)

2.5 €/kg (HTF)
0.15 €/kg (Silica)
1.0 €/kg (PCM)

Initial costs 0.620 M€ 0.325 M€ 0.341 M€

LCOS 0.447 €/kWh 0.234 €/kWh 0.246 €/kWh
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comparatively assessed, against the existing two-tank sys-
tem. The main findings of the study are:

• The use of a one-tank packed bed TES system
increased annual thermal energy output of the solar
field to about 5.1 GWht, around 5% higher than that
obtained with the use of the two-tank direct system.
Similarly, the study revealed that adoption of a one-
tank TES system in the CSP-ORC plant would reduce
annual thermal energy loss in the TES system to about
one-third of what currently obtains. Consequently, a
rise in the annual thermal energy feeding the ORC
unit (about 5 GWht) is expected with the use of a one-
tank system, compared to about 4.7 GWht obtainable
with the two-tank TES system.

• Overall, about 0.92 GWh of electrical energy is pro-
duced by the ORC annually, irrespective of the TES
configuration employed. Thus, in juxtaposition with
the annual thermal energy input into the ORC
reported above for the different TES configurations, it
is obtained that adoption of a one-tank TES system
reduces mean ORC efficiency by about 1.5% points.

• Lack of constraints in temperature of the oil exiting
the one-tank packed bed TES system allowed for a
greater amount of thermal energy available to be
exploited during the discharging phase. Additionally,
this choice had the obvious advantage of canceling the
hysteresis effect usually generated after consecutive
charge/discharge cycles, that would have degraded the
thermocline shape with significant reduction of
the thermal energy available for input into the ORC
plant.

• The one-tank packed-bed system is economically via-
ble due to the reduced cost of investment. Conse-
quently, a reduction of more than 45% in the levelized
cost of storage can be achieved compared to the two-
tank configuration, while the integration of a PCM
layer seems not to introduce any economic benefit.

In the near future, a further experimental campaign
on the CSP plant is scheduled with the aim of increasing
the reliability of the simulation models adopted and the
robustness of the results obtained in this study.

NOMENCLATURE

A area (m2)
c specific heat (J/kg K)
CAPEX capital expenditures (€)
E energy (Wh)
k thermal conductivity (W/m K)
h specific enthalpy (J/kg)
L latent heat (J/kg)

_m mass flow rate (kg/s)
OPEX operating expenditures (€/year)
_Q thermal power (W)
T temperature (K)
t time (s)
U overall heat transfer coeff. (W/m2 K)
V volume (m3)
α convective heat transfer coeff. (W/m2 K)
ε void fraction
η efficiency
ρ density (kg/m3)
AMB ambient conditions
CLN cleanliness
CT cold tank
HT hot tank
I inlet side
O outlet side
OPT optical
REC receiver
SF solar field
CSP concentrated solar power
DNI direct normal irradiance
HTF heat transfer fluid
LCOS levelized cost of storage
ORC organic Rankine cycle
PCM phase change material
TES thermal energy storage
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