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ABSTRACT

As traditional fossil energy sources are continuously diminishing, the demand for optimising output
from renewable energy sources is gaining particular importance. Among these, solar energy is
certainly one of the most prominent technology and it is widely used in a variety of applications,
either concerning electricity and heat production. Nonetheless, the global efficiency of solar systems
still has to be largely improved, reducing at the same time generation costs, in order to make solar an
even more relevant source of clean energy. In modern photovoltaic, concentrated photovoltaic as well
as concentrated solar power plants, the net output can be increased through solar tracking solutions
aiming at the optimal positioning of the solar panels/mirrors on a daily and seasonal basis. This
typically requires electromechanical motors, which are designed to align the incident solar radiation
with the optical axis, thus enhancing the overall energy conversion efficiency but draining at the same
time up to 1-2% of the theoretically achievable net power output. Furthermore, to increase energy
dispatchability concentrated solar power plants usually incorporates thermal energy storage units,
which can be of the sensible-heat or latent-heat storage type. The latter imply phase transition of the
storage material which, in turn, can generate up to 20% volumetric expansion for a solid-to-liquid
transition. Although generally assumed as an undesired side effect, such expansion can represent an
opportunity to extract mechanical work and thus increase the overall efficiency of the solar system.
The main objective of this study is to provide an initial quantitative assessment of the passive tracking
potential related to the phase-change induced expansion of thermal storage media in concentrated
solar power plants. To this aim, a solar-integrated waste-to-heat steam power plant, rated at 15 MWe,
has been taken as a reference and a coupled finite-difference/finite-volume numerical model of the
latent-heat thermal energy storage unit of the plant has been developed. The model takes input data
from the power plant operating conditions and is able to retrieve time-resolved temperature and
volumetric density changes of the thermal storage media. Results from the numerical model shows
that passive solar tracking is achievable for a fraction of the heliostat field that ranges from 10% to
100%, depending on the season and operating pressure of the tracking system. In terms of electrical
power savings, this is up to 2% of the net power output of the reference plant, thus representing a
promising basis for further investigations on the applicability of the proposed novel integrated passive
solar tracking concept.
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1. Introduction

In 2020, the worldwide installed power capacity from renewable energy sources grew more than 260
GW, which is the highest increase ever recorded and beats the previous record of about 200 GW
marked in 2019 [1,2]. Nearly half of the new installed capacity in 2020 (about 48%) is covered by
solar energy plants, whereas the solar-related annual growth rate has doubled the total renewables-
related growth rate (21% vs. 10%). All such data highlights that at present solar energy is the
dominant and fastest growing renewable source technology and, therefore, is a key driver for the
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achievement of the ambitious mid-term decarbonization and climate change mitigation goals, both in
EU as well as at a global level.

The vast majority of solar energy installations is represented by photovoltaics (PV), while a much
smaller share is covered by concentrating solar power (CSP) plants. In spite of its minor capacity
contribution (about 6.5 GW operational as of 2020, equivalent to 1% of the total installed solar
capacity [2]), there is an increasing interest in the CSP technology, especially in some emerging
markets located in the global sunbelt region such as the Middle East and North Africa (MENA) area,
South America and China [2]. What mainly differentiates CSP from PV is the ability to provide
relatively dispatchable electricity, thus improving grid flexibility and reducing the need for fossil fuel
backups in low solar irradiance scenarios [1,3]. This is achieved by integrating a thermal energy
storage (TES) into the CSP power plant, which allows to introduce up to one day shift between power
generation and supply [3]. At the end of 2019, the worldwide CSP-related TES installed capacity was
of 21 GWh, while nearly all of the currently operating and already planned or under construction CSP
installations incorporate TES concepts [1].

About 95% of global TES capacity in operation on CSP plants is based on sensible heat molten salt
technology, with the two-tank direct/indirect arrangement being the most common technical solution
[1,3]. The advantages of using molten salt technology are [3]: a relatively high energy density (up to
200 kWh/m?); an operating temperature of up to 560 °C; a good stability through thermal cycling
(more than 10000 cycles) and a lifetime span of more than 20 years. On the other hand, exceeding
560 °C is discouraged, due to the molten salts decomposition tendency above that threshold and the
increasing impact of high temperature corrosion on initial and maintenance costs. Furthermore, the
two-tank configuration is generally considered more complex and expensive, compared to a single-
tank TES [4]. Apart from molten salts, there are only other two TES options for CSP which can be
considered commercial-grade: steam accumulators [1,3] and concrete-based solid state sensible heat
TES. Steam accumulators have high energy densities and rely on dependable and well proven
technologies, but their operating temperature is relatively low and there are severe limits in the
scalability potential due to the very high operating pressure. Concrete is competitive with molten salts
for operating temperatures up to 500 °C, thanks to its design and deployment simplicity, but the
lifetime is currently an issue due to spalling at high temperature and the cracks after repeated thermal
expansion/contraction cycles.

Out of the above-mentioned technologies, there are currently several TES alternatives for CSP with
various development levels, including: liquid metals, nanofluids, packed bed, particulate solids,
thermochemical storage, and latent heat TES (LHTES) [3]. The LHTES principle is based on the
adoption of a Phase Change Material (PCM), to accumulate/release large amounts of thermal energy
at (nearly) constant temperature. From the requirements imposed upon PCMs it is seen, that they,
first of all, should have suitable melting temperature and, whenever possible, high heat of fusion [5,6].
Inorganic salt PCM compounds, such as carbonates, fluorides, and chlorides, can operate at
temperatures above 400 °C, which makes them suitable for CSP storage applications [7-9].
Advantages of LHTES consist of very high energy densities (smaller tank volumes) and lower
deployment complexity compared to other storage media. On the other hand, a number of drawbacks
hinders their actual implementation at commercial scale levels, namely [10,11]: incongruent melting,
subcooling temperature shifts, highly corrosive nature and slow charge/discharge rates. Moreover,
the narrow inlet/outlet temperature range can often introduce additional system integration difficulties.
An additional secondary effect during LHTES operation is the significant volumetric expansion
occurring at the solid-to-liquid phase transition, which may range from a few percentage points up to
20% or more [12]. Such expansion is commonly assumed as a technical constraint, which has to be
taken into account in the thermo-mechanical design of the LHTES system [12,13], but with no actual
role in the energy charge and discharge processes. Conversely, the same expansion effect has a key
role in other engineering applications: some widespread low-temperature PCMs, such as paraffin
waxes, have been used as actuation media for many years, thanks to the large amount of mechanical
work expressed by their thermally driven expansion [14-17]. More recently, the driving force
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potential of PCMs has been considered for the realization of thermally driven fully passive solar
trackers [18,19]. In such devices, a relatively small amount of PCM is melted by solar radiation,
generating a torque output that is solely used for single axis tracking in standard PV panels.

All the currently operational CSP plant configurations: parabolic trough collectors (PTC), solar power
tower (SPT), linear Fresnel reflector (LFR) and parabolic dish systems (PDS), require solar tracking
to continuously adjust the optimal orientation of mirrors/heliostats with respect to the sun and
concentrate solar radiation onto the fixed absorber/receiver [20]. The PTC and LFR configurations
achieve that with single-axis tracking, while in SPT, a complex two-axis tracking algorithms and
feedback sensors are needed to simultaneously monitor and correct the orientation of a large number
of heliostats [21]. As opposed to conventional power generation systems, for CSP initial investment
represents about 80% of the cost of the generated electricity, while the remaining 20% originates
from the plant’s operational and maintenance costs, which in turn are largely related to the tracking
system [21,22]. From an energy balance point of view, tracking introduces also net conversion
efficiency losses, due to the power consumption of electrical motors and drives [23-25].

In a previous work of the authors, the feasibility of using the volumetric expansion cycles in a PCM-
based TES device for PV solar tracking purposes has been assessed [26]. The scope of the present
study is to evaluate a high temperature LHTES (HT-LHTES) solution for CSP, which integrates solar
tracking capabilities thanks to the spontaneous volumetric expansion induced in the PCM storage
media during thermal cycles. The underlying principle is to possibly rely on a standard LHTES
technical infrastructure, avoiding the need for active energy inputs to control tracking over time.
Specifically, the study is carried out for a PCM-based TES integrated into a Waste to Energy (WtE)
steam power plant coupled with SPT. A 2D finite-difference/finite-volume numerical model is
developed and used to evaluate the transient temperature field inside the PCM medium and its related
volumetric expansion, under realistic operating scenarios provided by the data available from the
reference power plant. Thus, the tracking potential for the heliostats of the system is estimated and
provided in a parametric way by assuming a range of working actuation pressures. To the best of the
authors’ knowledge and based on the above cited literature references, this is the first time a similar
passive efficiency-enhancing solution is proposed for high-temperature solar plants.

2. Materials and methods

The design and operation of the HT-LHTES considered in this study have been performed basing on
data from a previously investigated solar hybrid WtE Rankine cycle [23-25]. The specific case study
of a solar integrated WtE plant with a thermal power input of 50 MW and operating with externally
superheated steam at 60 bar and 480 °C, without re-heating, is selected in this work. The heliostat
field, which is dimensioned based on the mass flow rate of saturated steam produced in the WtE
section, consists of 710 units, each having an overall surface of 120 m?. Detailed assumptions and
design parameters for the receiver and simulation of the Rankine cycle can be found in previous work
by authors [24]. Figure 1 reports a schematic layout of the considered power plant.

In the considered system, the WtE plant boiler is designed to produce only saturated steam at the
design pressure, by means of economizer and evaporator. Saturated steam, before heading to the
steam turbine, is then superheated in an external heat exchanger (SH in Figure 1). Heat flux to SH
can be supplied by either the SPT or the gas boiler, which can be combined or used independently,
depending on the current operating conditions.

Superheated steam feeds the high-pressure steam turbine, and then through medium-pressure and
low-pressure sections reaches the air-cooled condenser. Condensate from the condenser is supplied
to the boiler through a one-stage regenerative heat exchanger and deaerator. Usable products of the
cycle comprise only electricity (net power output).
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Figure 1 — Schematic representation of the considered WtE-SPT power plant.

The integrated SPT makes use of a heliostat field collector (HFC), i.e., a field of sun-tracking
reflectors, that reflect and concentrate the sun rays onto a central solar receiver (SR) placed on the
top of a fixed tower. In the SPT cycle, molten salts mixture (60NaNO3;—40KNOs) is considered as the
heat transfer fluid (HTF). The thermal power output of SR and the HTF mass flow rate vary with
time, however the SR outlet temperature is fixed at 565 °C, since the selected HTF is characterized
by a usable temperature range of 290-565 °C [27]. The pinch point temperature difference in the
evaporator is set at 25 °C.

Molten salts are pumped through the SR, where they are heated; they then supply the superheater at
its rated design capacity. The exceeding thermal energy is stored in a shell and tube HT-LHTES
(differently from [23-25] where an indirect two-tank molten salts system was considered). In the
proposed configuration, the HTF and the PCM medium are separated by the walls of the piping and
PCM is located in the shell. During discharging, cold salts at 301 °C coming from the superheater are
pumped into the TES, where they heat up, so that they can recirculate and feed the superheater.

A simple control system is considered for the CSP section energy management. The control objective
is to supply superheated steam at the demanded temperature and pressure, minimizing auxiliary
energy (gas) consumption. This assumes that the gas boiler operates only when the HT-LHTES is
discharged below a pre-defined threshold (i.e. the exiting HTF is at 450 °C), and there is no (or not
enough) solar power from the SR available. Additionally, when the HT-LHTES capacity is saturated,
the control does not allow its charging above the maximal capacity. In the situation when HT-LHTES
is fully charged and superheating requirements are covered, the exceeding part of solar energy
available at the SR is dumped, e.g., by means of heliostat defocusing.

For the design of the CSP section of the plant, a hypothetical site in south of Italy (13.1 °E ; 38.2 °N)
is selected as a representative case of high solar irradiance. Solar Multiple (SM) parameter which
represents the solar field size related to the power block requirements is assumed to be equal to 2. All
the key parameters for the CSP section design are shown in Table 1.



Table 1 — Design point parameters for the solar field.

Parameter Value
Direct Normal Irradiance [W/m?] 600
Design Solar Multiple [-] 2
Superheater capacity [MW] 10.5
Area of heliostats [m?] 85200
Number of heliostats 710
Average temperature [°C] 18.8
Average wind speed [m/s] 3.8
Longitude 38.2°N
Latitude 13.1 °E

A binary eutectic mixture of molten lithium carbonates (35Li,CO5;—65K,CO3) is chosen as storage
material [28-30], given its high melting temperature which is consistent with the requirements of the
considered application. Moreover, such a material is characterized by a relatively high thermal energy
storage capacity and volumetric expansion. Table 2 summarizes the main thermo-physical properties
of the selected PCM and HTF.

Table 2 — PCM and HTF thermo-physical properties.

PCM HTF

Properties Unit 35Li,COs—65K,CO; 60NaNO;—40KNO;

[28-30] 31-32]
Dynamic viscosity [kg/m s] - 0.0022
Solid density [kg/m?3] 2260 -
Liquid density [kg/m?3] 2010 1815
Solid specific heat capacity [J/kg K] 1340 -
Liquid specific heat capacity [J/kg K] 1760 1518
Solid thermal conductivity [W/m K] 2.25 -
Liquid thermal conductivity [W/m K] 1.89 0.5253
Latent heat of fusion [kJ/kg] 344 -
Lower melting point [°C] 502 -
Upper melting point [°C] 508 -

In order to determine the HT-LHTES size, a storage capacity (Qrgs) of 12 h with the superheater

operating at full load has been assumed, that is about 126.1 MWh (453.9 GJ). Also, the heat storage
capacity of PCM is considered as the sum of both sensible and latent heat contributions, between the
reference temperatures T .o1g = 490 °C and T, = 520 °C. Therefore, the PCM storage mass and

volume are calculated as follows [33,34]:

Mo — Qres 0
Fem Cps(TmS - Ts,cold) + AHlatent + Cpl(Tl,hot - Tml)
Mpcm
Veem = (2)
Ps

where T, is the melting temperature of PCM, ¢, and p are its specific heat capacity and density,
respectively, while AH 0n 18 the latent heat of fusion. Subscripts s and / in equations (1) and (2)
indicate solid and liquid, respectively. The resulting mass and volume of PCM to fill the TES are

equal to 1191 t and 527 m?, respectively.
Further, in line with typical HT-LHTES systems for solar thermal power plants, and basing on the
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HTF mass flow rate from SR at design conditions, we assume the storage tank to be 10 m high and
ideally composed of 3494 base modules, each being constituted by a concentric cylindrical structure:
the HTF flows through the inner tube, while the outer cylinder is filled by PCM. The inner and outer
radius of each base module are taken equal to 0.04 and 0.08 m, respectively, while the thickness of
the tubes is considered negligible.

2.1 Numerical modelling of the HT-LHTES system

Several mathematical and numerical approaches have been suggested in literature to model PCM
systems. These encompass simplified methodologies based on correlation functions as well as
complex computational models to predict the transient behaviour of the PCM [35-36]. The approach
chosen in this work has the key advantage of retaining all the relevant physics needed to properly
characterize the thermal behaviour of a generic PCM, while neglecting minor effects which are not
essential in the context of an energy system analysis as the one proposed in this study. In particular,
the mathematical background behind the adopted numerical modelling is based on the following
assumptions [34,37,38]:

1. the PCM medium is homogeneous and isotropic;

2. the thermal resistance of the HTF tubes is negligible;

3. the PCM properties are temperature-independent, although they depend on phase. In
particular, thermal conductivity and density varies linearly during the phase transition;

4. the natural convection in the PCM during phase transition and in liquid phase is not
considered;

5. the HTF flow is assumed to be 1D;

6. the axial conduction in the HTF is negligible;

7. the storage tank is thermally insulated, thus no heat losses are considered.

Basing on these assumptions, the mathematical model for the transient thermal behaviour of the HT-
LHTES can be described by the following two coupled heat transfer equations, for HTF and PCM,
respectively:

OT yrr OT urr

PHTFCpHTFT 53— = — mHTFCp,HTFT + hrr(Tpempr = v, — Trr) 217, (3)
OHpcy
prev—; =V (kpcmVT pem) 4)

where 1 is the inner radius of each base module, my7r is the HTF mass flowing in each tube, h is
the convective heat transfer coefficient, H is the specific enthalpy and k is the thermal conductivity.
In particular, the HTF convective heat transfer coefficient is computed as follows:

Nu - kyrr
hurr = T Q)
0o

where Nu is the Nusselt number, which is equal to 3.66, since the HTF flow is laminar.
As far as the computation of the PCM enthalpy, this is evaluated by a simple and widely used
approach, according to which the enthalpy is a function of the temperature, as follows:



Cp,sT for T < Tms
AH latent(T - Tms)

Tml _ Tms for Tms <T< Tml (6)
Cp,lT + AHlatent

H= Cp‘lT +
for T > Tp,

Equations (3)-(4) are numerically solved on a 2D axisymmetric computational domain, for a single
HT-LHTES module, by means of a coupled approach based on an implicit finite-difference/finite-
volume method [39,40]. Further details on the implementation of this method can be also found in
[26] where the authors have already used it and validated it for analysing the PCM thermal behaviour
in a LHTES integrated in a photovoltaic solar-assisted heating/cooling plant.

As far as the numerical setup, we set adiabatic walls for the external module surfaces, while the heat
transfer between PCM and HTF is ensured by setting the conductive heat flux from PCM equal to the
convective one from the HTF. A fixed inlet temperature, at each time-step, according to the specific
load profile, is set for the HTF flow, while a zero thermal flux condition is imposed at its outlet. In
particular, depending on the HT-LHTES operation (charging/discharging mode), the HTF flows in a
direction or in its opposite, in such a way to keep a hotter side and a colder side, during the whole
power plant operation. This strategy allows to improve the thermal efficiency of the storage system.

A structured non-uniform fixed mesh is employed for all simulations of this work, which suitable
resolution has been already assessed in [26]. This consists of 101 X 11 elements, leading to a spacing
of 0.004 m and 0.1 m in the radial and axial directions, respectively. Time resolution is chosen
according to input data availability, that is 60 s. In all simulations, the whole computational domain
is initialized with uniform temperature, which value is chosen depending on the specific case under
consideration, as will be detailed later.

2.2 Evaluation of heliostat tracking capacity

In this study, it is assumed that the heliostat field is composed of two-axis tracking mirrors. In
particular, the rotation of the optical axis of the heliostat is performed by means of dual-axis azimuth-
elevation tracker, in such a way to keep the heliostat surface in an optimal position to the solar
radiation during all daylight hours. Also, the position angles are adjusted considering not only the sun
position but the target position of the SR as well. Each heliostat is therefore driven by a pair of motors,
one for each tracking axis, which are supplied from a DC line. Specifically, the heliostat mirror
considered in this work is the commercially available Sener HE35 [41].

Table 3 — Heliostat specifications and assumed design parameters.

Parameter Value
Heliostat mirror area/total area [m?] 115.7/120
Heliostat length [m] 9.75
Heliostat height [m] 12.30
Heliostat diagonal [m] 15.70
Drag coefficient, [-] (flat surface) 1.4
Wind velocity, [m/s] 10

Its technical specifications along with other assumptions used to estimate both the mechanical
actuation energy required to provide full day heliostat tracking capacity and the servomotors design
calculations for the conventional solar tracking system are presented in Table 3.

The required torque needed for the tracking of the heliostat mirror considers that the most significant
force acting on the surface of the heliostat is the aerodynamic force from wind. This can be estimated
by assuming a reference wind speed condition, as per Table 3. Thus, by considering the maximum
daytime rotations about the two axis, we estimate that an actuation energy of about 170 kJ is required
to provide a full-day dual axis tracking course of a single heliostat.



The proposed actuation concept assumes that the expansion of the PCM medium is exploited by
means of a mechanical device, such a hydraulic actuator, which ultimately provides the dual axis
motion to rotate heliostats. Therefore, in order to evaluate the actual tracking capacity, that is the
volumetric expansion required to ensure actuation energy for the tracking motion of 1 m? of installed
heliostat, a working actuation pressure must be assumed. Since a detailed analysis of the actuation
mechanisms is not yet available at this stage of research, we arbitrarily consider a working pressure
ranging between 5 and 50 bars, in order to provide results in a parametric way. Table 4 collects the
outcomes from this analysis.

Table 4 - Heliostat tracking capacity estimation.

Parameter Value
Actuation energy [kJ/heliostat] 170
Actuation energy [kJ/m?] 1.4
Working pressure [bar] 5-50
Tracking capacity [m?/L] 0.35-3.53

To estimate the potential benefit given by the proposed solution, in terms of net electric power
output gain, the power consumption of electrical motors for conventional tracking has been
evaluated. By considering design operating conditions, and an overall efficiency of 0.8 for the
tracking system, a value of around 0.30 kW of required power is calculated for each heliostat. This
leads to a total amount of roughly 200 kW to feed the whole solar field. According to the analysis
presented in [24], the considered solar integrated WtE power plant provides around 14.8 MW of net
electricity output. Therefore, the overall power consumption of electrical motors accounts for 1-2 %
of the net power output.

3. Results and discussion

The temporal evolution of the PCM temperature and density fields inside the storage tank is computed
numerically in order to assess the effective volumetric expansion during typical charging/discharging
cycles of the HT-LHTES system. However, before dealing with a real-case scenario, preliminary tests
considering single reference charging and discharging processes are simulated, in order to check for
modelling assumptions consistency and verify the proposed storage design.

3.1 Charging/discharging process with HTF inflow at constant temperature

For the charging process, the HTF inflow is set at 565 °C, while the temperature field is initialized at
301 °C everywhere in the domain. Conversely, for the discharging process, the HTF enters the storage
tank at 301 °C while the initial temperature of the whole system is 565 °C. As already mentioned,
these two limit temperatures correspond to those at the SR outlet/superheater inlet and at the
superheater outlet, respectively, therefore these are the actual values of the HTF mass flow entering
the storage tank during real operating conditions. For both charging and discharging cases, the HTF
mass flow is assumed to be constant and it is taken equal to its designed value, that is:

Qmax

o urr(Tst,in — Tstout) (7)

mHTF,design =

where Tsy in = 565 °C and Tsy oy = 301 °C, while Q4 is the superheater capacity (Table 1). Figure

2 shows the resulting temperature profiles for the simulated charging and discharging processes,
while in Figure 3 the obtained volumetric expansion in the two cases is depicted.
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The resulting temperature profiles are consistent and, in particular, the phase transition in the PCM
medium is well captured by the model. In particular, this gives rise to an increase/decrease of the
PCM volume of about 11%, as expected (Table 2). Such an expansion is achieved in roughly 72 and
24 hours for charging and discharging, respectively. Also, from the results, the PCM takes about 78
hours to reach the equilibrium temperature under reference charging conditions, while it takes 42
hours to fully discharge. It should be noted that the different thermal behaviours observed for the two
cases can be ascribed to the different temperature ranges between the melting/solidification point and
the target temperature (i.e. HTF inlet temperature). In fact, such a temperature range is lower for the
charging process, which corresponds to a lower available heat transfer rate for melting. Therefore,
the melting rate of PCM during charging is lower than the solidification rate during discharging. This
leads to different process times, but also to a different interdependency between expansion and
temperature curves, in the two cases. Also, it has to be emphasized that the results on volume
expansion reported in Figure 3 are related to the chosen materials. That is, a possibly higher
asymptotic value (considering the charging process) would have been obtained by selecting a
different storage material, and a higher volume expansion rate could be achieved by using a molten
salts mixture of different thermo-physical properties as HTF, among those typically employed for the
present application. Beside thermo-physical properties, also the HTF mass flow plays a role in the
determination of the charging/discharging times. In this case, the HTF mass flow has been taken as a
constant parameter corresponding to the design operative condition, therefore the resulting
charging/discharging times should be regarded as reference values.

10



Next, the temperature and density fields within the PCM medium are shown at different times during
both charging (Figure 4-5) and discharging (Figure 6-7) processes. The results in Figure 4-7 are given
for an axisymmetric portion of a single reference HT-LHTES module. The temperature distribution
within the storage tank and the propagation of the melting/solidification front are accurately described
by the numerical model. In particular, the solid-to-liquid interface moves from the pipe surface -in
the proximity of the HTF inlet- toward the outer region of the HT-LHTES module, as expected.
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Figure 4 — PCM temperature field at different times during the reference charging process. The HTF flows at the inner radius from
the left to the right.

time =60h [ke/m?)

0.04
2260
0.06 —
0.08
0 1

r [m]

2 3 4 5 6 T 8 9 10

2210
L [m] time = 12.0 h

_0.04
0-06 _
= 0.08 2160

[m

0 1 2 3 4 5 6 7 8 9 10
oos L [m] fime — 18.0 h
=} N 2110
= 0.08
0 1 2 3 4 5 6 7 8 9 10
L [m] 2060

0.0
ﬁ 0.06
= 0.08 > . 2010

L [m]

o
-
(]
[
=
&
=
-1
)
o
—_
=)

Figure 5 — PCM density field at different times during the reference charging process. The HTF flows at the inner radius from the left
to the right.

11



time = 3.0 h T [°C)

_0.04 T T T T T \ -
= 570
£.0.06 - -
) i [ I L I ! L I L I |
0 1 2 3 4 5 6 7 8 9 10
1520
oo L [Im] | | ‘ time = 6.0 h ‘
é 0.06 - ]
= 0.08 L I L I I L | | {470
0 1 2 3 4 5 6 7 8 9 10
L fm] time = 9.0 h
0.04 ; T T ‘ 420
é U.OG - ]
= U_OS 1 1 1 1 1 | |
0 1 2 3 4 5 6 7 8 9 10
L [r] time = 12.0 h 370
_0.04 T T T T T \
é 0'06 _ 1
= 0.08 ! ! ! ! ‘ L i 320
0 1 2 3 4 5 6 7 8 9 10

L [m]

Figure 6 — PCM temperature field at different times during the reference discharging process. The HTF flows from at the inner radius
from the left to the right.

time = 3.0 h 2 [kg/m?

0.04 _
= 2260
= 0.08
0 1 2 3 4 5 6 7 8 9 10
2210
oo L [m] time = 6.0 h
= 0.08 2160
0 1 2 3 1 5 6 7 8 9 10
0. 04 m] time = 9.0 h
B 2110
- )os
m] 2060

tlmc =12.0h
_0.04
i 0.06
= 0.08 d 2010
0 1 2 3 4 5 6 7 8 9 10
L [m]
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Further, the temporal evolution of the cross-section average temperature profile in the PCM is shown
in Figure 8, for both charging and discharging processes. The transient thermal behaviour of the PCM
is properly retrieved, with the melting/solidification range being suitably characterized by the
flattening of the curves, which indicates the presence of isothermal regions within the media, where
the phase change is occurring.

12



600 - : : ' : q 600 : : ' ; .
——4h 8h 12 h 16 h 24 h 48 h ——2h 4h 6h 8h——12h 24 h
550 & 550
500 £ = 500 =
8 450 2 450
= =
400 400
350 350
300 . . . : 300 - : : .
0 2 4 6 8 10 0 2 4 6 8 10
L [m] L [m]

Figure 8 — Time evolution of the average temperature profiles measured at the cross-section of the PCM region. Left: charging process;
right: discharging process.

3.2 Real operating conditions

Next, realistic operating conditions are simulated, in order to understand the thermal behaviour of the
PCM within the storage tank and to provide a fair estimation of the heliostat tracking potential.
Specifically, two periods of the year are considered: the months of January and July, during which
the power plant experiences quite dissimilar operating conditions, due to the different solar radiation.
In both cases, a time-dependent HTF inlet temperature profile is imposed, corresponding to the off-
design performance of the power plant: the HTF inlet temperature is equal to 565 °C during the
charging of the storage tank (i.e. when the SR produces an exceeding amount of thermal power) or
301 °C during discharging (i.e. the thermal power from SR is not sufficient to cover the SH power
demand). Consistently, also the HTF mass flow is a time-dependent function, as follows:

Qstorage,in

mHTF,charging = ’ Qstorage,in =Qsg—0Qsy>0 (3

cpurF(Tsmin — Tstout)

Qstorage,out

mHTF,dicharging = ’ Qstorage,out =Qsy—Qsg>0 ©)

purF(THrF out — THTF i)

where Qgtorq gein 18 the available thermal power for storage occurring when the thermal power
produced by the SR (Qp) is greater than the requested thermal power of the superheater (Qgy) and,
conversely, Q storage,out 1S the thermal power that has to be supplied to the superheater in order to fulfil

its power request whenever this cannot be covered by the SR only. For both the simulated scenarios,
the initial temperature field in the HT-LHTES is set equal to 490 °C. Thus, the PCM is assumed to
be in solid phase at the beginning of the simulations.

The results from simulations, in terms of temperature profiles, are shown in Figure 9-11. In the
figures, the vertical grey bands correspond to the time intervals during which the HT-LHTES is not
charged neither can be discharged, that is when the outflow HTF temperature reaches 450 °C.
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point in the PCM located at the closest proximity of the HTF hot side. Vertical grey bands indicate time intervals with no HTF flow
within the tank.
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within the tank.
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Figure 11 — Detail of temperature profiles in the HT-LHTES during summer (left) and winter (vight), for three reference days.

We emphasize that the HTF hot/cold sides reported in Figure 9-11 correspond to either the HTF inlet
or outlet depending on the specific operation: the HTF hot side is the HTF inlet during charging and
it is the outlet during discharging; vice versa, the HTF cold side corresponds to the inlet during
discharging, while it is the HTF outlet when the HT-LHTES is charged. As expected, the PCM mean
temperature undergoes a cyclic variation, which follows the HTF input temperature profile. Also, the
time-averaged temperature in PCM is significantly higher in summer, during which the HT-LHTES
is capable to compensate the thermal power requested by the superheater, for most of the time of
power plant operation. In contrast, due to the diminished share of solar radiation in winter, the HT-
LHTES operation is less effective during this period of the year. In winter, the lower availability of
thermal power from the SR leads indeed to shorter charging times of the storage tank. Figure 12
shows the HTF mass flow profiles, for a reference week during both the analysed periods, which
further emphasize these findings.
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Figure 12 — HTF mass flow profiles during a reference week in summer (left) and winter (right). Blue solid lines refer to the charging
process, while black dashed lines correspond to the discharging of the storage tank.

The thermal behaviour of PCM so far described lead to a PCM volume expansion variation in time,
which is shown in Figure 13, for both the considered cases.
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Figure 13 — PCM volume expansion during a reference month in summer and winter.

Clearly, the volume expansion is less pronounced during winter, where the lower availability of solar
radiation negatively affects the actual heat storage capacity of the system. On the other hand, the
volume expansion of PCM during summer is significant, and its cycle variation appear to be quite
regular during the whole period analysed. The maximum achieved volume expansion in winter is
around 2%, while during summer this hit a peak of roughly 4%. Although, it should be noted that the
PCM volume is about the 1% higher than that related to its solid phase, during the whole summer
period. This indicates that the actual useful expansion is reduced by this amount. By taking into
consideration this aspect, the mean volume expansion per day computed by our model are 7870 L
and 3384 L, in summer and winter, respectively. Basing on these values the actuation potential of
PCM, that is its ability of providing the necessary energy to perform the solar tracking of heliostat, is
assessed.

Thus, by considering the estimated tracking capacity (Table 4), the mean number/surface of actuated
heliostats that can be achieved is evaluated parametrically for a range of working pressure. The results
are presented in Figure 14.
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Figure 14 — Tracking capability of the PCM, expressed in terms of mean number of actuated heliostats and mean total surface of the
actuated heliostats per day, during two reference months.

The significant amount of PCM volume expansion leads, potentially, to an effective passive solar
tracking of the heliostat field. A high number of heliostats, or even the whole field, could be in
principle passively controlled by an actuation mechanism operating at relatively low pressure. As an
example, by assuming a working pressure of 35 bar, the passive solar tracking can be performed to
the 10% of the whole heliostat field during winter, that is the most critical scenario. A working
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pressure of roughly 150 bar would be instead theoretically sufficient to perform the solar tracking of
the whole heliostat field in summer. Despite these calculations do not take into account the actual
design of the mechanical actuator, as well as its specific integration into the HT-LHTES system, they
still demonstrate the great potential of the proposed concept to boost solar-based applications.

4. Conclusions

This paper presents an original concept of passive solar tracking for CSP-integrated power systems.
The i1dea is to exploit the significant volume expansion of a PCM within a HT-LHTES, to perform
the thermally-driven actuation of the heliostat field. To this aim, realistic operating conditions of a
solar hybrid WtE power plant are considered and the thermal behaviour of the PCM contained in the
integrated storage tank is studied by means of a detailed numerical model. This considers actual time-
dependent charging and discharging temperatures and HTF mass flow profiles, as input for the storage
device.

Based on energy arguments, the findings from this study reveal that the passive solar tracking is
theoretically feasible for a significant share of the heliostat field for a mid-sized CSP plant (10-20
MWe). More specifically, assuming a moderate working pressure (below 50 bar) a 10-20% passive
tracking share is achievable, depending on the season. If the working pressure is raised to at least 150
bar, a 100% passive tracking share is achievable in summer, leading to a potential 2% increase in the
net power output. Although further consolidation work is required (e.g. a study on the actual thermo-
mechanical design of the integrated TES-tracking system), the presented results open interesting
perspectives in the development of multifunctional LHTES devices as a viable solution for increasing
efficiency and lowering energy production costs in solar power plants.

Abbreviations
CPV Concentrated Photovoltaic
CSp Concentrated Solar Power
HFC Heliostat Field Collector
HSM Heat Storage Materials
HTF Heat Transfer Fluid
HT-LHTES High Temperature Latent Heat Thermal Energy Storage
LFR Linear Fresnel Reflector
LHTES Latent Heat Thermal Energy Storage
PCM Phase Change Material
PDS Parabolic Dish System
PTC Parabolic Trough Collectors
PV Photovoltaic
SM Solar Multiple
SPT Solar Power Tower
SR Solar Receiver
TES Thermal Energy Storage
WtE Waste to Energy
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Highlights

Novel concept of passive tracking for concentrated solar power plants
Numerical modelling of high-temperature latent-heat thermal energy storage
Exploitation of phase-change induced volumetric expansion for solar tracking
Passive tracking concept applied to a 15 MWe solar-integrated plant

Up to 2% of net power output increase achievable thanks to passive tracking
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