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ARTICLE INFO ABSTRACT
Keywords: The expected performance of an innovative Pumped Thermal Energy Storage (PTES) system based on a closed-
Energy storage loop Brayton-Joule cycle and integrated with a Concentrated Solar Power (CSP) plant are analysed in this study.

Concentrated solar power
Pumped thermal energy storage
Packed-bed thermal energy storage

The integrated PTES-CSP plant includes five machines (two compressors and three turbines), a central receiver
tower system, three water coolers and three Thermal Energy Storage (TES) tanks, while argon and granite
pebbles are chosen as working fluid and storage media, respectively. A sizing of the main components of the
integrated plant has been firstly carried out for the design of an integrated PTES-CSP plant with a nominal net
power of 5 MW and a nominal storage capacity of 6 equivalent hours of operation. Specific mathematical models
have been developed in MATLAB-Simulink to simulate the PTES and CSP subsystem in different operating
conditions, and to evaluate the thermocline profile evolution within the three storage tanks during/charging and
discharging processes. A control strategy has finally been developed to determine the operating modes of the
plant based on the grid service request, the solar availability, and the TES levels. The performance of the system
during a summer and a winter day have been analysed considering the integration of the PTES subsystem in the
Italian energy market for arbitrage. Results have demonstrated the technical feasibility of the hybridization of a
PTES system with a CSP plant and the ability of the integrated system to participate to energy arbitrage, although
a lower exergy roundtrip efficiency (about 54 %) has been observed with respect to the sole PTES system (about
60 %).

geological conditions (such as pumped hydro storage and compressed
air storage) or achieve low efficiencies (like some chemical systems)
[1,4]. There is a common agreement that makes Thermal Energy Storage
(TES) one of the ideal candidates for long-term energy storage [5]
mainly due to its low capital cost [6]. One of the most straightforward
integrations of such storage systems with RES-based generators can be
found in Concentrated Solar Power (CSP) plants. TES systems fulfil the
requirement of increasing the current solar energy capacity factor for
helping CSP technology to be highly dispatchable [7]. Furthermore, the
Levelized Cost of Electricity of CSP facilities can be significantly lowered
by means of the integration with TES [3,6].

A promising solution for the large-scale storage of electrical energy
involving TES is the Pumped Thermal Energy Storage (PTES). In these
storage systems, electricity is converted into thermal energy through a
heat pump during the charging process and stored in TES reservoirs. A
heat engine is then used to convert the stored heat into electrical energy
during the discharging process [8,9].

PTES systems are therefore not only free of those abovementioned

1. Introduction

Nowadays, the key medium-term challenge in the electricity sector is
to develop technologies able to produce electric energy that would be
renewable, efficient, and clean, but, at the same time, ensuring and
guaranteeing dispatchability and control of the generation process
[1,2]. In this way, the current energy paradigm reveals the importance
of feasible, cost-effective, and large-scale energy storage systems for the
adequate integration of Renewable Energy Sources (RES) into the en-
ergy market [3]. A large variety of energy storage solutions, character-
ized by different technology readiness level and suitable for specific
applications, exists and is being investigated at present [1]. Among these
energy storage technologies, the most significant ones, classified by the
form of energy stored, are mechanical, electro-chemical, chemical,
electrical, and thermal [4]. Some of them rely on toxic materials or have
a short lifetime (as the Pb-A batteries), others are very expensive at grid-
scale (for instance Li-ion batteries) or restricted by geographical or
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Nomenclature

area [m?]

diameter [m]

energy [kWh]

rotational speed [—]

thermal power [kW]

thermal energy [kWh]
temperature [K]

overall heat transfer coefficient [W/m?K]
volumetric flow rate [m3/s]
electrical power [kW]

specific heat [kJ/kg K]
specific enthalpy [kJ/kg]
thermal conductivity [W/m K]
mass flow rate [kg/s]

pressure [Pa]

time [h]

convective heat transfer coefficient [W/m?K]
compression ratio [—]

heat capacity ratio [—]

void fraction [—]

emissivity [—]

efficiency [—]

density [kg/mS]
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Acronyms

CSp Concentrated Solar Power
DNI Direct Normal Irradiance
EH Electric heater

HT High Temperature

HTF Heat Transfer Fluid

LT Low Temperature

MT Medium Temperature
ORC Organic Rankine Cycle
PTES Pumped Thermal Energy Storage
RES Renewable Energy Source
SM Solar Multiple

TES Thermal Energy Storage
WCO Water Cooler
Subscripts

C compressor

CD condenser

EV evaporator

H heliostats

P pump

REC recuperator

SH superheating

T turbine

WF working fluid

amb ambient

i inlet

ins insulation

is isentropic

em electro-mechanical
net net power

nom nominal conditions

0 outlet

p particle

rec receiver

s solid medium

set set point

th thermal

drawbacks but are expected to store heat at large-scale (MWh) with low
costs [10,11], flexible power ratings heat [12], low self-discharge rate,
small installation footprint, high life cycle [13], and high scalability
[14]. Moreover, PTES features a high energy storage density [15] that
makes the use of artificial storage reservoir tanks possible [11] to store
energy in the form of sensible and/or latent heat [12]. In this context,
large amounts of energy could be potentially stored close to the pro-
duction areas or to places characterized by high energy demand [15].
Finally, PTES system can also be integrated with external heat sources,
which can further increase the ratio between supplied electrical energy
during charging and useful electrical energy released during discharging
[16].

In the last years, a significant research effort is being devoted to
Pumped Thermal Energy Storage because of its advantages [14].
Nevertheless, just few prototypes have been built [14,17] and more
research studies regarding fundamental and techno-economic aspects
are still required [18]. Referring to the employed thermodynamic cycle,
PTES can be mainly classified into layouts that employ Joule-Brayton
cycles or Rankine cycles [13,19]. Typically, Rankine-based PTES are
involved in low temperature applications and organic fluids are usually
preferred as working fluids instead of steam [19]. Although the com-
ponents of organic Rankine cycles are sufficiently consolidated, the
associated thermal efficiencies are still low [19]. PTES systems based on
Joule-Brayton cycles are increasing attention [20] thanks to the high
efficiencies that can be reached at high temperatures. Indeed, roundtrip
efficiencies are not subject to Carnot’s limit [20] and roundtrip effi-
ciencies of 100 % could be ideally obtained [21,22]. Nonetheless, sys-
tem irreversibility decreases the delivered energy [21] and values up to
60 % are usually achieved [12,20]. In this regard, Steinmann et al. tested

five different configurations of PTES to assess the irreversibility impact
on the system performance and to determine key aspects for the future
development of PTES [21]. They found that, for Brayton PTES systems,
isentropic efficiencies of turbines and compressors should be around 0.9
to achieve roundtrip efficiencies over 60 %, which allows them to be
competitive at large scale [21]. Similarly, Howes et al. estimated a
roundtrip efficiency of 72 % for a Brayton PTES system using argon as
working fluid and coupled to a packed-bed TES system filled with
granite [23]. Usually, gases that are stable at high temperatures,
chemically inert, cheap, and environmentally friendly, such as argon,
helium, nitrogen and air, are employed as working fluid [24]. Even
though there is more experimental background on air turbomachinery,
nowadays argon is the preferred option due to the higher temperatures
that can be reached respect to the air for the same pressure ratio [17,24].
Furthermore, closed cycles are generally preferred over open ones [19].
Concerning the storage material, sensible media constitute the most
adequate option for Brayton PTESs [19]. Thus, packed bed systems
made by solid media are the most chosen storage for Brayton PTES
thanks to the direct heat transfer between the cycle fluid and the ad-
vantages deriving from the use of solid materials (like some gravel or
rocks) [17]. The latter are, in fact, cheap, abundant, non-reactive, and
have a wide associated temperature interval [25]. Aside these strengths,
packed-bed main drawbacks are associated with the need of pressuri-
zation, which increments the capital costs, and to the careful manage-
ment for the thermocline [25]. Therefore, although packed-bed systems
have been broadly researched in the last years, the optimal integration
of packed-bed TES systems in PTES plants is still an open issue. Packed-
beds are usually simulated by means of 1D numerical transient models
that include continuity and energy equations, as performed by Esence
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et al., who modelled the packed-bed as a continuous porous medium
[26]. Gonzalez-Ayala et al. studied the internal and external irrevers-
ibility of a Brayton PTES system with liquid storage media and per-
formed a multi-objective and multi-parametric optimization through the
Pareto front [27]. They found that the roundtrip efficiency of the PTES
can be risen until 49 % compared to the endoreversible case for
maximum power [27]. Zhang et al. carried out a parametric optimiza-
tion and a thermo-economic performance analysis on PTES systems
characterized by charge-discharge cycles at various duration and
different TES aspect ratio and storage media [28]. Results demonstrated
that important reduction in the levelized cost of storage may arise with
the increase of the charging or discharging duration but an optimization
in the TES design is required [28].

Since the PTES systems are usually coupled with renewable-based
power plants, these storage systems should frequently operate under
off-design conditions and the performance evaluation during operation
conditions is therefore another important aspect to be investigated. The
dynamic characteristic of a 5 MW Brayton PTES system was analysed by
Yang et al. highlighting the importance of establishing a proper control
strategy to address the input power disturbance and thermal inertia of
the system [29]. Xue et al. investigated the transient heat transfer pro-
cess in the energy storage reservoirs in a 150 kW Brayton PTES based on
packed-bed latent heat [30]. Results showed how the operating
compression and expansion ratios affect the temperature profiles of the
TES reservoirs, the input and output power of the compressor and
expander and, thus, the system performance [30].

As mentioned, PTES systems can be easily configured to also absorb
heat from external heating/cooling sources. In this regard, the integra-
tion between PTES systems and CSP plants is one of the most interesting
solutions thanks to the possibility of sharing some components between
the two subsystems (such as the power generation unit and the TES
system), increasing the operating times of the integrated system and
reducing the periods when the power block operates under off-design
conditions. Despite the significant potential, only few papers investi-
gated the integration of PTES systems with CSPs [31-35]. Most of them
were based on Rankine cycles [31,32,34] and only Frate et al. also
investigated the dynamic behavior of such integrated systems [32].
Concerning the integration of Brayton PTES with CSP, McTigue et al.
analysed the integration of a supercritical CO2 PTES system with a CSP
plant [33], demonstrating the feasibility of integrating a PTES system
with a solar field. Petrollese et al. [35] proposed a direct integration of a
Brayton PTES system with a CSP plant including three storage sections.
The optimal design in terms of the maximum exergetic roundtrip effi-
ciency of such configuration was found in [35].

Although several potential integration schemes of PTES and CSP can
be found in literature, the dynamic of such systems, including both input
and output electrical and thermal power fluctuations, is poorly investi-
gated. The aim of the present work is to fill this gap in literature, ana-
lysing the ability of the proposed PTES-CSP plant to follow predefined
load curves, by considering both the off-design performance and dy-
namics of the PTES components (TES systems, compressors and ex-
panders, heat exchangers etc.) and the daily fluctuations of solar
radiation. This approach aims to demonstrate the actual feasibility of the
plant to operate in energy arbitrage, to analyse the time required by the
system and the stability of the control system to reach a given power
level and keep it by facing off solar radiation fluctuations and variation
in the thermocline profiles.

In order to achieve this goal, the PTES-CSP plant configuration sized
in [35], will be further explored in the present work. The mathematical
modelling developed for simulating the dynamic behavior of each
component will be then introduced together with the control strategy
proposed for determining the operating mode to be followed by the
integrated plant. Finally, the performance of the integrated PTES-CSP
plant and its ability to operate under two different weather conditions
will be investigated.
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2. System design

The system configuration investigated in this study, and already
described in [35], is shown in Fig. 1. The two subsystems (the PTES and
the CSP) operate with the same working fluid following an inverse or
direct Brayton cycle during charging and discharging phases, respec-
tively. The main components of this system are 5 turbomachines (2
compressors and 3 turbines) equipped with dedicated electrical motors
driven by inverters or generators, 3 single-tank thermocline packed-bed
TES systems operating at different temperature levels, 3 water coolers
(WCO) used to cool down the overheating due to machines irrevers-
ibility, an auxiliary electric heater and a gas-phase solar receiver where
the solar radiation collected by a heliostat field is concentrated.

The system can operate in five operating modes depending on the
electrical market and weather conditions. During off-peak periods,
usually characterized by low electricity purchasing costs, and without
energy solar availability (for instance, during night hours), the system
operates under PTES-only charging mode.

In this case, the working fluid is firstly compressed by C1 (12—13),
sent to the medium temperature TES (MT-TES) for charging (5-4) and
further cooled (15-16) by WCO1. Then, the working fluid expands in
turbine T1 (16-17) leading to temperatures usually lower than the
ambient one. The working fluid returns to the initial conditions (1-11)
through a low temperature TES (LT-TES), where the cryogenic energy is
stored. To stabilize the maximum temperature reached by the working
fluid to the nominal one, an auxiliary electric heater (EH) is also intro-
duced downstream of the compressor (13-14).

In case of availability of thermal power from the solar receiver
during off-peak periods (usually during afternoon), the CSP-PTES
operates in charging mode. In these conditions, the CSP is also work-
ing, and the thermal energy produced by the solar receiver is stored in a
high temperature TES (HT-TES), since the immediate electricity pro-
duction would not be profitable due to the low selling prices. During this
operating mode, the working fluid compressed in C1 is partially or
completely sent to the solar receiver (25-26) and the thermal energy
produced is stored in the HT-TES (21-20). Then, the working fluid
follows the same path as for the PTES-only charging mode, since for the
optimal integration between the PTES and CSP subsystems the outlet
temperature of the working fluid at the HT-TES (Ty0) is set equal to that
set as the maximum temperature of the MT-TES (Ts).

When the selling prices are high enough, the plant performs the
discharging phase. The working fluid is firstly cooled down in the LT-
TES (11-1), where it reaches temperatures lower than ambient one,
then it is compressed in the C2 (2-3) and heated up in the MT-TES (4-5).
In case of solar energy availability and/or HT-TES not completely dis-
charged, the working fluid is sent to the CSP subsystem for a further
increase of its temperature up to the maximum one (25-26 and/or
20-21) and, subsequently, sent to the turbine T3 (22—23) and cooled to
its initial condition in the WCO3 (23-24). In case the CSP subsystem is
not operative, the PTES-only discharging mode is followed, in which the
working fluid is heated up in the MT-TES and directly sent to the turbine
T2 (8-9), where it expands; then it is cooled by WCO2 (9-10) up to the
initial condition.

The CSP-only mode could be also followed in case of solar avail-
ability and no activation of the PTES subsystem. In this operating mode,
after the compression in the C1 (12-13), the working fluid is heated up
by means of the solar receiver and/or the HT-TES (25-26 and/or 20-21)
depending on the solar availability and the HT-TES state-of-charge. The
working fluid then expands in turbine T3 (22-23) and is further cooled
down in the WCO3 (23-24) to its initial conditions. However, the CSP-
only mode is rarely used due to the expected low conversion efficiency
(<8 %) and the advantages in economic terms of a continuous operation
of the PTES subsystem in the energy market.
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Fig. 1. System configuration of the integrated PTES-CSP plant.

2.1. Thermodynamic cycle

The thermodynamic cycle under nominal condition has been deter-
mined based on the parametric analysis conducted in [35] on three
design parameters (compressor pressure ratio, WCO1 outlet temperature
and WCO2/WCO3 outlet temperature) with the aim of maximizing the
exergy roundtrip efficiency of the integrated PTES-CSP. It was assumed
the use of argon as working fluid, a minimum cycle pressure of 1 bar and
a maximum temperature reached in the solar receiver of 1000 K. To
analyse the exergy efficiency and the exergy losses at component level,
the typical exergy rate balance equation at steady state was

1100 . i . .
= + = PTES-only charging _
—O— PTES-CSP charging O 25=20
900 r
— 5=6=7=13=17=19=24=26
X,
o 700
=]
o
2
£ 500
@)
I—
300 .-
100 : : : :
3.4 3.6 3.8 4 4.2 4.4
()

Specific entropy [kJ/kgK]

implemented for each component, as follows:

ZrhieiJrQ(l *T,Ia‘mb) = Zl’hoeoJrWJrExD

@

where m is the mass flow rate of the stream substance, Q is heat flow
through component boundary, T, is the ambient temperature, T, is the
temperature at component boundary, at which heat is exchanged with
the environment, e is the specific exergy of the stream (based on the
system configuration only the physical exergy defines the total specific
exergy of such streams), W is work rate of the component, and Exp, is the
exergy destruction in the component due to irreversibility. The nominal

1100 . . - .
= <+ = PTES-only discharging 20=21
—O— PTES-CSP discharging| /T
900 1
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T
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3.4 3.6 3.8 4 4.2 4.4
(b)
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Fig. 2. Thermodynamic cycles during (a) charging phases and (b) discharging phases.
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exergetic roundtrip efficiency of the overall system, defined as the ratio
of the electrical energy delivered during a complete discharging phase to
the electrical energy absorbed and the exergy input in the solar receiver
during a fully charging phase, was then computed. The maximum
exergetic roundtrip efficiency (i.e., a value of 58.2 %) was reached by a
Brayton cycle characterized by a compressor pressure ratio of 5.2, with a
WCOL1 outlet temperature of 310 K and a WCO2/WCO3 outlet temper-
ature of 395 K. Fig. 2 shows the thermodynamic cycles followed during
the various plant operating modes. The desired thermodynamic condi-
tions have been used in this study for sizing the main components, as
explained in the following. The integrated PTES-CSP plant has been
designed to produce a nominal net power during the discharge phase of
5 MW with a nominal storage capacity of 6 equivalent hours of
operation.

2.2. Turbomachinery design

The peculiarities of the proposed plant (low temperatures and argon
as working fluid) demand a specific design of the compressors to be
used. The expected operating conditions have led to the selection of two
multistage centrifugal compressors, due to their reduced specific speed,
both made of 4 stages. In order to predict the design and off-design
performance of the compressors, the Casey-Robinson method [36] has
been used. The method ensures a good accuracy in performance pre-
diction [37] despite the reduced number of parameters required at the
design point and a little knowledge of geometric characteristics. Thanks
to the non-dimensional parameter formulation, the correlations can be
used not-only for air but also for other gases, which makes the method of
general validity. The prediction method has been implemented by
introducing a stage-stacking approach to build the overall characteristic
of each compressor. The compressor polytropic peak-efficiency has been
assumed equal to 0.86, considering a tip-speed Mach number of 0.8 as
follows from the correlations proposed in [38]. Vaneless diffusers have
been considered, as typically done in designing process compressors
[36,37].

2.3. Thermal energy storage design

Since the three packed-bed TES systems operate at different tem-
perature levels, a proper design for each tank has been required. Granite
pebbles have been selected as solid storage media thanks to the wide
temperature range they can operate at and for their low price. Based on
the desired storage capacity, here expressed in equivalent hours of
operation (Atrgs), the stored energy (Ergs) of a given TES can be
calculated as follows:

ETES = IhWFEWF (TWF,i - TWF,Q) 'AtTES (2)

where mwr and cwr are the mass flow rate and average specific heat of
the working fluid respectively, while Twg, and Twg; are the outlet and
inlet fluid temperatures at design conditions, respectively. The size of
the TES system suitable for storing the requested amount of energy has
been found through a preliminary numerical simulation. The sizing has
been carried out considering that a complete exploitation of the TES
device is not possible due to the constraints imposed by the turbo-
machines that can accept only a limited deviation of the inlet gas tem-
perature from the nominal conditions. Indeed, a great deviation would
lead the turbomachines, in particular the compressors, to operate under
significant off-design conditions resulting in reduced system efficiencies.
On the other hand, a strict limit imposed on the terminal temperatures
would generate a hysteresis phenomenon inside the packed-bed with a
consequent degradation of the thermocline and a decrease in storable
thermal energy with the progression of the cycles. Based on preliminary
numerical simulations, a threshold value of 25 K in outlet temperatures
with respect to the design conditions to all the TES systems has been set.
The only exception is the threshold value imposed to the bottom of the
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LT-TES that is reduced to 5 K, since the numerical simulations showed
that it heavily affects the compressor performance during the dis-
charging phase. These preliminary simulations were made running five
consecutive charge/discharge cycles to exclude the generation of the
hysteresis phenomenon and to have the TES systems already at a regime
condition. Table 1 reports the size of the three storage tanks, by
assuming an aspect ratio of 3. These values are inversely proportional to
the operative temperature range while the specific heat of the granite is
increasing with the temperature. Consequently, the combination of
these two factors leads to a larger size for the LT-TES compared to HT-
TES and MT-TES. Another effect to be accounted is the hysteresis that
is more emphasized when the temperature range is high, leading
therefore to a greater size.

2.4. Solar central receiver design

Among the CSP technologies available at medium-large power scale,
a central receiver tower system has been chosen for the high tempera-
tures this solar plant can reach, which perfectly match with those usu-
ally obtained in Brayton PTES systems [39,40]. A polar heliostat field
has therefore been selected for concentrating solar radiation into a
pressurized volumetric receiver [41]. Assuming that, as predicted by
Kusterer et al., the difference between the ceramic foam temperature
and the gas temperature at the outlet of the receiver is at the same level
for air and argon [41], argon is the fluid heated up in the absorber, as it
has also been supposed in [42,43].

For the design of the heliostat field, meteorological data, such as
Direct Normal Irradiance (DNI) and ambient temperature (Tgmp),
observed on 11th of July (193rd day of the year) at 12 h in Cagliari
(Italy, latitude 39.23° N and longitude 9.12° E) during clear sky con-
ditions have been considered. For the evaluation of the optical efficiency
of the heliostat field (7,), the cosine (cosw), the spillage (fy), the
attenuation (fy), the blocking (f;), and the shadowing (fs) effects
together with the actual mirror reflectivity (1) have been considered for
each individual heliostat. Then, the average efficiency has been calcu-
lated considering the number of heliostats (ng) [44,45]:

nH NH.

Z r]H,, Z |:COSCU], 'fs]rh 'ﬁlt/;'ﬁ/ifvh'/l]
_ h=1 _ h=1 (3)

ny ny

My

By assuming a solar multiple (SM) of 1.2, a heliostat field of 56
square heliostats, each of them with an area (Ay) of 120 mz, subdivided
in 7 rows in a 90° angle polar field, has been therefore chosen for col-
lecting the solar radiation required to generate the design thermal power
in the solar receiver. The latter has been modelled as a lying cylinder in
which the circular base has two diameters: the outer diameter, relating
to the total volume of the receiver where the heat absorption happens;
and the inner one (Dy,in), which corresponds to the aperture diameter in
the tower and is used for the calculation of the aperture surface of the
receiver, is smaller than the first one to minimize conduction losses
(even though this increases spillage).

The concentration factor, defined as the ratio of the aperture area of
the heliostat field (A,) to the receiver area (Arec):

A, ny*Ay

c=ro - Mln @
A ey

Table 1

Sizing of the three TES systems.
Storage system LT-TES MT-TES HT-TES
Temperature difference [K] 224 467 177
TES volume (Vrgs) [m®] 994 883 452
Diameter [m] 15.6 15.0 12.0
Height [m] 5.2 5.0 4.0
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has been finally calculated for this solar receiver tower, achieving a
value of 1131. The main design parameters of the tower system are
summarized in Table 2.

2.5. Water coolers

Three water coolers are introduced in the system to deal with the
extra heating due to the irreversibility produced in the compressors and
turbines. The water coolers have been designed by considering an inlet
water temperature of 298 K and a temperature increase of 25 K under
design conditions (the temperature levels of the working fluid were
already determined by defining the thermodynamic cycle). TEMA shell-
&-tube heat exchangers characterized by one shell pass and two tube
passes (the working fluid flows inside the tubes to minimize pressure
losses) with a triangular mesh characterized by a tube pitch ratio of 1.3
have been chosen according to the operating conditions. The single tube
has been characterized by a length of 5 m, an inner diameter of 41 mm
and a thickness of 3.5 mm. By assuming an overall heat exchange co-
efficient of 200 W/m?K, the requested heat exchange area has therefore
been determined, together with the design effectiveness and the main
geometric features of the heat exchanger. Table 3 reports the main
design characteristics of the three water coolers.

3. Mathematical model

Starting from the sizing of the main components, a mathematical
model for assessing the performance of the integrated PTES-CSP plant
during different operating conditions has been developed in MATLAB-
Simulink, while the Coolprop database [46,47] has been used for the
evaluation of working fluid properties. An implicit Runge-Kutta nu-
merical scheme has been used as differential equations solver, by
imposing a maximum time step of 10 s. The main correlations used to
simulate the principal components of the proposed plant are introduced
in the following together with the control strategy adopted for deter-
mining the operating mode.

3.1. Turbomachinery

The operating performance of compressors are based on the coupling
between the compressor map and the circuit conditions. Starting from
the operating pressures in the LT-and MT-TES, the compression ratio
(Bc) has been established and used as main input together with the
compressor rotational speed (n¢) to determine the mass flow rate elab-
orated by the compressor (m¢) and the corresponding isentropic effi-
ciency (17¢) according to compressor characteristic curves determined
during the design phase.

The outlet temperature has been therefore calculated as follows:

a
Tco="Tcr {ﬁc—l"r 1] )
Ne
Table 2
Sizing of the solar central receiver system.
Parameter Value Parameter Value
Receiver length 6 m Temperature out of the 1000
receiver K
Internal diameter of the 2.75m External diameter of the 4.2m
receiver receiver
Heliostats height 10.95 Heliostats area 120
m IIl2
Heliostats number 56 Concentration factor 1131
Actual mirror reflectivity 0.836 Blocking & shadowing 0.95
factor
Separation distance between 3.3m Minimum radius of the 65 m
adjacent heliostats heliostat field
Tower height 65 m Solar Multiple 1.2
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Table 3
Sizing of the three water coolers.
WCO1 WCO02 WCO3

Logarithmic mean temperature difference [K] 20.9 20.8 153.5
Heat exchange area [m2] 212.4 269.7 98.8
Effectiveness of the heat exchanger [—] 0.8 0.6 0.4
Shell diameter [m] 1.22 2.18 2.06
Number of tubes [—] 280 900 800

The compressor rotational speed has been regulated by means of an
inverter driven by a PI controller, which uses the difference between the
desired net power and the actual net power produced by the integrated
system as feedback signal. The use of an inverter allows to vary the
compressor rotational speed from 70 % to 110 % of its nominal speed.
The turbine has been considered to operate under chocking conditions,
thus the reduced flow rate is locked. Furthermore, no inverter has been
introduced to control turbine’s rotational speed, and the mass flow rate
elaborated by the turbine (mr) can be calculated as a function of the
expansion rate and the inlet temperature.

3.2. Thermal energy storage

The thermal behavior of the three TES systems has been evaluated
using a transient 1-D two-equation model, by assuming the packed-bed
as isotropic, homogeneous, and keeping constant the temperature pro-
file along the radius of the bed. The spatial step of discretization has
been set equal to 0.05 m, while the temperature profiles along the axis of
the bed have been calculated separately for the working fluid (Twg) and
the solid medium (Ts) by means of the following equations:

JdT JdT _
SPWFCWF% + pprWFuTWF = 0. Ag(Ts — Twr) — Ures Ates (Twr — Tams)
(6)
oT. T
(1- E)PSCSWS = kerra—zzs + o As (Twr — Taep) @)

where k. is the effective thermal conductivity that also takes into ac-
count the radiation contribution within the bed [48], Urgs is the overall
heat transfer coefficient between the tank and the environment (set to
0.3 W/mzK), Artgs is the surface area per unit of volume of the vessel,
Tawmsp is the ambient temperature, ¢ is the void fraction (assumed equal to
0.4 for all the beds), pg is the density of the granite pebbles (assumed
constant and equal to 2690 kg/m3), while cg and k are the specific heat
and thermal conductivity, respectively, calculated by means of two
empirical correlations according to experimental tests reported in
literature [49,50]:

cs = 5.944-1077-T3 — 2.0197-10°-T5 + 2.387-Ts + 224 ®

ky = —1.431-107-Ts +2.952 9

The convective heat transfer coefficient o has been correlated to the
Nusselt number calculated according to a well-known empirical corre-
lation reported in Eq. (10) [51,52], while the surface area per unit of
volume of the bed Ag depends on the particle diameter (d,) and void
fraction (¢) as reported in Eq. (11):

Nu = 2.0 + 1.1-Re,*¢-Pr** (10)

dP
The effective thermal conductivity of the bed k. depends mainly on
the conductivity of both the solid (ks) and the fluid (kwg) (Eq. (12)). The
correlation also includes the effects of thermal radiation, not negligible
at temperatures higher than 300 °C [53]:
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o d (1l —¢
Ker = kwr 8(1 +’C—p) +](72, 12)
kwr ) m T ag
hwr R

where 7 represents the ratio between the distance of the centres of two
adjacent solid pebbles and the diameter of the pebble (set to 0.9), 0 is the
ratio of the pebble length to the diameter of the pebble (assumed equal
to 2/3), the factor ¢ measures the thickness of the fluid film adjacent to
the contact point of two solid pebbles [48,53], while, o, and a,s are the
void-to-void and solid-to-solid surface radiative heat transfer co-
efficients, which are calculated according to the following equations:

0.1952 Twr)®
Oy = - | (W“’;) (13)
(1 +2(lh—s) egs)
@, = 0.1952( =& T\’ (14)
T 2 —¢) \100

Both these correlations depend on e that is the solid emissivity,
which has been set to 0.85.

With regards to the operative pressure of the vessel, the variation
over time of the average pressure inside the tank has been calculated by
applying the mass conservation equation for compressible flows:

eVres dp _
]/RTW’? dt

i — 1, (15)

where y is the heat capacity ratio, R is the specific gas constant, m; and
m, are the inlet and outlet mass flow rates respectively. In addition, the
pressure losses inside the packed-bed are evaluated according to the
well-known Ergun equation:

Vp

(1-¢) (1-¢)
— =150: 1.
2 50-u o& v+1.75 &4,

pv? (16)

3.3. Solar central receiver

The solar thermal power delivered by the receiver (Q.) to the HT-
TES, which mainly depends on DNI and ambient temperature, has
been computed as the heliostat field power subtracting thermal losses
regarding conduction, convection, and radiation in the receiver [44,45]:

Qrec = ],IODN]AII —A, I:erec'g'(Trec4 - Tamh4) + Urec"(Tre(r - Tum[l) } 17)
where Ty is the receiver temperature and o is the Stefan-Boltzmann
constant. e represents the effective emissivity of the receiver surface,
assumed equal to 0.1, and U, corresponds to the overall conduction and
convection heat transfer coefficient, considered for this system equal to
5 W/(m?K).

Since the HT-TES needs a constant inlet temperature, the tempera-
ture at the outlet of the receiver must be around 1000 K, although solar
conditions vary with time, and the mass flow at the solar receiver should
be regulated to keep the receiver outlet temperature as constant as
possible. Therefore, the mass flow rate at the outlet of the receiver (1)
has been calculated as:

QYCC

(oree = higec) as)

Myee =

where h, . is the specific enthalpy at the outlet side of the solar receiver
corresponding to a temperature of 1000 K while h; .. is the specific
enthalpy inlet side of the receiver. An upper limit of 120 % of the design
mass flow has been fixed. If higher values are achieved, some heliostats
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are defocused [54-56]. On the other hand, when the DNI is low, (for
instance, during sunrise or during sunset), only a limited mass flow rate
could be heated up to 1000 K, introducing problems in the temperature
control and increasing the impact of parasitic losses. Therefore, a min-
imum receiver power equal to the 10 % of the designed one has been set.

3.4. Water coolers

The operating performance of the three working coolers has been
simulated by considering a constant effectiveness of heat exchanger.
Based on the mass flow rate and temperature of the working fluid at the
inlet side of each water cooler, the theoretical maximum heat exchanged
has been calculated and, consequently, the exchanged heat (the effec-
tiveness is known) and the actual outlet temperature of the working
fluid.

According to [57], the pressure losses at the gas side (Apwc) have
been calculated based on the following correlation:

LN, 2
Apwe = <4f d"’+41v,,) £ 19)

where f is the friction factor, Np is the number of tube passes, L and dj,
are the length and inner diameter of the tube respectively, p and v are the
density and average speed of the working fluid respectively.

3.5. Operating strategy

The control strategy proposed for the determination of the operating
mode, which mainly depends on grid service request, solar availability
and TES state-of-charge, is shown in Fig. 3. Firstly, the determination of
the charging or discharging phases is defined by the net power reques-
ted. The latter mainly depends on the considered application, such as if
the PTES-CSP system is devoted to cover a specific load demand or if it
offers services to grid. However, the actual activation of the PTES sub-
system also requires the monitoring of the state-of-charge of the MT-TES
and LT-TES. This is measured by introducing some threshold values in
the working fluid outlet temperatures from the considered TES systems,
as discussed in Section 2.3. In case the latter constraints are not satisfied,
the PTES subsystem is not activated while the CSP subsystem is activated
in CSP-only mode if the electrical user required power and the expected
thermal power produced by the solar receiver exceeds the 80 % of the
nominal one, otherwise all the integrated system is set in idle mode.
Therefore, the CSP subsystem is generally activated simultaneously with
the PTES subsystem. Specifically, during charging phase the CSP sub-
system is activated (and the integrated system operates in PTES-CSP
charging mode) if the solar receiver produces a thermal power greater
than the 10 % of the nominal receiver thermal power and the HT-TES is
not fully charged (like the other tank, this occurs when the outlet tem-
perature exceeds an imposed threshold value), otherwise the system
would operate under PTES-only charging mode.

Instead, the activation of the CSP subsystem only depends on the HT-
TES state-of-charge during the discharging phase: until the HT-TES can
guarantee an outlet temperature higher than an imposed threshold
value, the system will operate in PTES-CSP discharging mode; other-
wise, only the PTES subsystem will be activated (PTES-only discharging
mode). It is worth noting that the integration of the two systems in-
troduces constraints in the operation of the plant especially for the CSP
subsystem, which is often forced to postpone the electrical production
based on PTES conditions. The proposed operating strategy therefore
differs from those usually proposed in literatures for solar tower power
plants (such as [58,59]) mainly based on the maximization of the
thermal power production and profits from the sale of electricity.

4. Results and discussion

The expected performance of the proposed PTES-CSP plant in
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Fig. 3. Operating strategy for the management of the integrated PTES-CSP plant.
different operating conditions are discussed in this section. Two in the Southern Italy (specifically in Cagliari with an expected direct
different weather conditions, represented by two profiles of the avail- normal irradiation of about 1700 kWh/m?y). Fig. 4 shows the trend of
able DNI, have been investigated to verify the effects on the performance the DNI imposed as main input to evaluate the potential thermal power
of the integrated PTES-CSP plant. The Case A is representative of a produced in the solar receiver for both cases. The maximum thermal
summer day (the 193rd day of the year) with clear sky conditions, while power that this receiver can deliver for the simulated days is 4 MW,.

the Case B is a cloudy winter day (the 1st day of the year) in a site located Regarding the PTES subsystem, it is assumed that the storage system is
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Fig. 4. Direct normal irradiance and electricity cost assumed for the considered case studies.
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used for energy arbitrage, taking the yearly-based average hourly elec-
tricity cost of the Italian energy market in the 2021 as reference (the
electricity cost curve is shown in Fig. 4). When the electricity cost ex-
ceeds the daily average cost (about 125 €/MWh for the case study) the
PTES is set in discharge mode for producing, if possible, a power equal to
the nominal one, while, in the remaining time, the PTES operates in
charging mode absorbing the demanded power from the grid.

4.1. Case A

Based on the operating strategy proposed in the previous section, the
net power demanded and produced by the PTES-CSP plant during the
considered summer day are shown in Fig. 5. As can be observed, the
PTES-only charging mode is followed during nighttime due to the low
electricity cost. The plant switches to discharging mode during the peak
hours in the morning, for about 5 h. During this period, the PTES sub-
system is used for energy production, due the low charge of the HT-TES.
Then, the electricity cost is lower than the average one and it is
convenient to purchase energy from the grid for charging the MT-TES
and LT-TES.

The solar plant is also active during this charging phase, and the
thermal energy produced in the solar receiver is stored in the HT-TES
(PTES-CSP charging mode). The thermal energy stored in the three
tanks is used to sell electricity to the grid during the peak hours of the
evening and the plant operates in the PTES-CSP discharging mode,
thanks to the high state-of-charge of the HT-TES. After that, the charging
mode with the activation of the sole PTES subsystem is again selected.
The comparison between the requested power and the actual power
produced/absorbed by the system is also shown in the same Fig. 5. The
results demonstrated a good ability of the controller of the compressors
rotational speed to follow the fixed set-point despite the variation of the
operating conditions of the machines during the day. A focus on the
behavior of turbomachines and TESs during a day is shown in Fig. 6,
where power, mass flow rate and pressure levels are reported as a
function of time.

The net power of the plant is kept constant during the day-period
controlling the rotational speed of the compressor with a consequent
variation in the circulating mass flow rate (Fig. 6(b)). The main cause of
such variation is the change in gas temperature at the inlet section of the
compressors and turbines, leading to a variation in the specific work as
well as in the power absorbed by the compressors and produced by the
turbines. Fig. 6 shows that the variations in the operating conditions
occur especially in the periods preceding a mode change. In the same
figure, it is depicted the relative rotational speed of the compressor, that
ranges from the 98 % to 110 % of the nominal rotational speed, observed
at the end of the second discharged phase (Fig. 6(a)), which partially
compensates for the reduction in the specific work caused by the
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temperature.

Furthermore, the mass flow rate circulating in the solar receiver
depends both on the available DNI and on the PTES operation, as shown
in Fig. 6(b). During the first discharging phase, the mass flow rate in-
creases gradually, according to the DNI profile, up to a maximum value
of about 38 kg/s at the end of the phase. During the subsequent charging
phase, the mass flow rate circulating in the receiver is bounded by the
mass flow rate required by the PTES subsystem to absorb the desired
power from the grid. Consequently, a constant outlet temperature from
the receiver cannot be assured and the gas temperature slightly exceeds
the designed value reaching a maximum temperature of 1005 K. During
the first part of the second discharge phase, all the mass flow rate
circulating in the solar receiver is sent to the turbine T3 up to the 17th
hour, when the decrease in the solar availability results in a reduction of
the receiver mass flow rate and the discharge of the HT-TES. As
mentioned, deviations in the machine operating conditions are due to
inlet temperature variations, which depend on the thermocline behavior
inside the TES. Therefore, it is important to investigate the evolution of
the temperature field inside the three tanks. The thermocline profiles
calculated during the first charging/discharging cycle with a time in-
terval of 1 h are shown in Fig. 7. As already mentioned, the starting
temperature profiles are the results of five complete charging-
discharging cycles. This is shown in Fig. 7(a), where the LT-TES initial
charged condition corresponds to (0 h) profile. The cold gas enters from
the bottom of the tank at about 171 K after expansion in turbine T1 and
absorbs heat from the solid media and exits from the top at 395 K. As the
charging phase proceeds, the outlet temperature decreases until about
330 K, which means the LT-TES reaches the fully state after 6 h, leading
to a change in the operating conditions of the compressor Cl, as
observed in Fig. 6. Concerning the MT-TES, the hot gas at about 823 K
enters the tank and releases its thermal energy content to the solid
media. It initially leaves the tank at 356 K but, over time, the thermo-
cline shifts to the right as visible in Fig. 7(c) and the outlet temperature
of the gas increases until reaching about 390 K at the end of the cycle
after 6 h, confirming a good balance between the design of the two TES
involved in the PTES subsystem. Obviously, the thermocline profile of
the HT-TES does not change during the first charging phase, see Fig. 7
(e), due to not availability of solar power. After 6 h, the plant switches to
the PTES only discharging mode, and the gas flow is reversed inside the
three TES systems. Fig. 7(b) clearly shows that the gas inlet temperature
is not constant, but slightly increases during the first 2 h while decreases
in the last part of the phase. An inverse behavior is observed in the MT-
TES, as shown in Fig. 7(d). This is due to the linked effects caused by the
introduction of threshold values in the various TESs that modify the
operating point - and, therefore, the outlet temperatures - of the ma-
chines. Thus, the definition of proper threshold values is of fundamental
importance for the good management of the proposed system, which
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Fig. 5. Net power desired and produced by the PTES-CSP plant for the Case A.
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Fig. 6. (a) Compressor and turbine power curves, compressor rotational speed, (b) mass flow rates circulating in the turbines and solar receiver and (c) average TES

operating pressures obtained for the Case A.

should be taken as the best compromise between the necessity to avoid
the hysteresis effect that usually occurs within the bed after several
working cycles and the constraints imposed by the overall system in
which the TES systems are integrated. Finally, the evolution of HT-TES
temperature profile (Fig. 7(f)) follows a different trend since it is in
charging phase, but, due to the low solar availability in the early
morning, the fully charge state is not yet reached after 5 h.

The second cycle is clearly a consequence of the first one with the
MT-TES and LT-TES that repeat the same behavior already observed
during the previous charging-discharging cycle as depicted in Fig. 8
(a—d). The charging phase, which lasts 4 h, is followed by a discharge
one with a duration of 7 h. During this last phase, the outlet temperature
of the LT-TES reaches a value of about 200 K, while at the exit of the MT-
TES the temperature drops to about 800 K, well beyond the threshold
imposed at the beginning, but without any issue in the operability of the
system. The HT-TES has a completely different behavior since it is
strictly related to the availability of the solar DNI and the PTES
operation.

During the charging phase of the HT-TES (Fig. 8(e)), the constant
mass flow rate circulating in the solar receiver and simultaneous vari-
ation in the outlet gas temperature result in temperature fluctuations in
the upper part of the thermocline. As mentioned, the HT-TES is fully

10

charged after 4 h. During the discharge phase, the mass flow rate that
flows in the HT-TES system is not constant, since it compensates for the
thermal power produced in the solar receiver. For this reason, the
thermocline profile does not change during the first 2 h before the actual
discharging of the TES system occurs. During the discharging phase, the
gas temperature sent to the turbine T3 is slightly higher than the
designed temperature (1000 K) with a consequent deviation of the T3
operating conditions from the nominal one. Furthermore, since the inlet
gas temperature of the HT-TES system moves accordingly to the outlet
gas temperature of the MT-TES system, the temperature of the working
fluid introduced into the HT-TES drops to 800 K when the complete
discharge of MT-TES is reached. At the end of the discharging phase the
maximum temperature of the HT-TES is far from the threshold value set
equal to 975 K for determining the total discharge of this tank and the
residual charging can be exploited during the following day.

4.2. Case B

To demonstrate the ability of the plant to follow predetermined
production profiles in different weather conditions, the DNI profile
representative of a winter day has been considered. The electricity cost
has been assumed equal to the Case A, as well as the control strategy. In
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Fig. 7. Thermocline profile evolution in the three TES system during the first charging-discharging cycle for the Case A.

Fig. 9, the net power consumed and produced during the considered
winter day is shown. As can be observed, the main variation in the
production profile compared to the Case A occurs during the second
discharge phase. Due to the lower value of the DNI, the turbine T3 can be
kept in operation only for 5 h, until the HT-TES is completely dis-
charged. Subsequently the control system switches to the PTES-only
discharging mode, with the activation of the turbine T2 until the end
of the discharge phase. However, a drop in the net power produced, and
a consequent increased deviation from the set-point, can be observed in
this phase.

This is due to the constraint imposed to the compressor speed, which
cannot exceed the 110 % of its nominal value. As shown in Fig. 10(a),
the compressor speed rapidly increases at the end of this discharging
phase until reaching its maximum value, preventing the control system
from following the scheduled net power. These conditions mainly
depend on the increasing temperature calculated at the inlet section of
the compressor, that modifies the operative condition of the machine

11

resulting in a decrease of its performance. Since the power produced by
the turbine T2 remains almost constant, the specific work of the cycle
tends to decrease and can not be contrasted by the increase in the mass
flow rate since the maximum limits have already been reached. This is
confirmed by Fig. 10(b), in which the trend of the mass flow rates
calculated in the three turbines and within the receiver are shown.

The effect of the constraint of the speed compressor is quite clear
with a sharply stop in the increase of the mass flow rate at the end of the
second discharge phase close to 50 kg/s. Finally, the different trend in
the mass flow rate circulating in the receiver compared to the Case A is
highlighted in the same figure.

4.3. Overall performance analysis

By considering the two complete charging/discharging cycles,
roundtrip efficiencies, defined as the ratio of the electric energy pro-
duced during the two discharging phases to the electric energy absorbed
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Fig. 8. Thermocline profile evolution in the three TES system during the second charging-discharging cycle for the Case A.

during the charging phase, of about 65 % for the Case A and about 63 %
for the Case B are obtained.

Since the integrated plant is fed by two different energy sources
(electrical energy and solar energy), an exergy roundtrip efficiency of
the integrated PTES-CSP system, defined as the ratio of the electrical
energy delivered during the discharging phase to the sum of the absor-
bed electrical energy and the exergy input in the solar receiver during
the charging phase, is also evaluated, with a resulting value of about 53
% for the Case A. However, this value is influenced by the not fully
discharging of the HT-TES system at the end of the day. In fact, if the
exergy content in the HT-TES at the end of the day is not considered
destroyed, but still available for the following day, the exergy roundtrip
efficiency raises of about one point percentage (54 %). This value is
confirmed by analysing the Case B when the complete discharging of all
the TES is reached at the end of the second cycle. Finally, to identify the
components in which the main exergy destruction occurs, Fig. 11 shows

12

the exergy destruction rate obtained for the two test-cases. The main
exergy destructions are detected in the compressors and turbines,
demonstrating the relevant importance of using high-performance ma-
chines to obtain valuable roundtrip efficiencies in PTES system. On the
other hand, both the machines have been designed with features rep-
resenting the current state-of-the-art for the considered machines size
(<10 MW) and it is hardly possible to reduce these endogenous exergy
destructions. Another relevant contribution in reducing the exergy ef-
ficiency arises from the water coolers WCO2 and WCO3, due to the
cooling of the working fluid at high temperature. This fact therefore
suggests the implementation of appropriate changes in the plant
configuration to further increase the performance of the proposed sys-
tem. Marginal differences in the exergy destruction rate are detected
between the two test-cases, although a yearly analysis will be required to
confirm the performance obtained.
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Fig. 10. (a) Compressor and turbine power curves, compressor rotational speed and (b) mass flow rates circulating in the turbines and solar receiver for the Case B.
5. Conclusions implemented. The main considerations resulting from the analysis are

listed below:
In this paper, the expected performance of an integrated plant

composed by a PTES system and a CSP plant during two different - The overall plant correctly follows the scheduled phases of charge
weather conditions were evaluated, by assuming the participation of the and discharge, keeping the net power produced quite constant
PTES subsystem in the Italian energy market for arbitrage. Starting from thanks to the controller system that drives the rotational speed of the
a given cycle configuration, the design of the main plant components compressor. The results obtained demonstrated the technical feasi-
was carried out and simulation models were developed to evaluate the bility of the proposed plant configuration and the ability of the plant
operating performance of the overall system. An operating strategy for to follow fixed power levels. The determination of proper threshold
the energy management of the integrated plant was then proposed and values to be imposed for defining the fully charge/discharge state of
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Fig. 11. Exergy destruction rate for the main components of the integrated PTES-CSP plant.

the TES is of relevant importance for a good energy management of
the plant.

The controller system has proved to be a determining factor since it
allows to adequate the behavior of the compressor to keep the net
power as constant as possible. In particular, the controller was able to
regulate the compressor rotational speed when operative conditions
at the inlet sections of both the turbines and the compressor vary.
Suitable threshold values should be set for the terminal temperatures
of the TES systems to guarantee a stable behavior of the overall plant.
Numerical simulations have shown that during the discharge phase
the constraints in gas temperature exiting the LT-TES system is quite
decisive, since when temperature raises excessively (above 200 °C)
the compressor operates close to the stall conditions making
impossible for the controller to guarantee a constant net power.

It is not easy to define a rule to set optimal threshold values for the
outlet gas temperature from the TES systems, since they depend on
the plant in which the TES is integrated. Preliminary simulations are
decisive, to conveniently size the TES systems considering the con-
straints imposed to the gas temperature by the surrounding system. A
good compromise was found setting a threshold of 25 K for all the
TES systems, excluding the bottom value of the LT-TES that is
reduced to 5 K, due to the high sensitivity of the compressor to the
inlet gas temperature during the discharging phase. All these results
are obtained by running five consecutive cycles, sufficient to get a
TES system in a regime condition, avoiding the hysteresis
phenomenon.

The PTES system is well designed to be integrated with a CSP solar
plant, with several valves included in the scheme, giving to the
system a good capability to work under different DNI conditions. The
solar subsystem is designed to operate with a variable mass flow rate,
a requirement to keep almost constant the outlet temperature at the
set-point value of 1000 K. Moreover, this component operates
separately from the main management of the PTES system, since the
solar subsystem can charge the HT-TES system also when the PTES
system is in discharging mode.

On overall, the obtained round-trip efficiency can be considered in
line with the values proposed in literature, although a slight decrease in
the exergy roundtrip efficiency obtained during operating conditions
(54 %) compared to the nominal one (about 58 %) was found. The
determination of a similar value of exergy round trip efficiency for the
two cases analysed, although characterized by a different solar avail-
ability, suggests that no large performance variations are expected

14

during the year. However, the extension to an annual analysis of the
plant performance is required for the correct evaluation of this index,
which will be therefore investigated in a future work.
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