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Abstract

A novel Pumped Thermal Energy Storage (PTES) system thermally integrated with a Concentrating Solar
Power (CSP) plant is proposed and investigated. The two sections operate with the same working fluid, share
several components and can operate simultaneously or independently of each other. A Thermal Energy Storage
(TES) system composed of three thermocline packed-bed tanks is included. Specific mathematical models
were developed to simulate the performance of the integrated PTES-CSP plant under nominal conditions and
to evaluate the thermal profiles of the TES tanks. As a case study, an integrated PTES-CSP system
characterized by a nominal power of 5 MW with a nominal storage capacity of 4 equivalent hours was
considered. The influence of the main design parameters, namely the pressure ratio and the operating
temperatures of the TES system, on the main performance indices was investigated. The results demonstrated
that the exergetic roundtrip efficiency of the integrated plant reaches a maximum for a pressure ratio of about
5.2. A sensitivity analysis on the solar receiver temperature and turbomachinery polytropic efficiency and
maximum allowable temperatures was also conducted. Finally, a feasible design for the PTES-CSP system

characterized by an exergetic roundtrip efficiency of about 60% was proposed.
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NOMENCLATURE

Symbols Subscripts

A area [m?] C compressor

c specific heat [kJ/kg K] S solid medium

d diameter [m] T turbine

e specific exergy [kJ/kg] WF  working fluid

h specific enthalpy [kJ/kg] Acronyms

m mass flow rate [kg/s] CAES Compressed Air Energy Storage
k thermal conductivity [W/m K] CSP  Concentrating Solar Power

s specific entropy [kJ/kg K] PHES Pumped Hydroelectric Storage
t time [h] PTES Pumped Thermal Energy Storage
T temperature [K] RES Renewable Energy Source

% volume [m?] TES  Thermal Energy Storage

w electrical power [KW] TSO  Transmission System Operator
a heat transfer coefficient [W/m? K] WCO Water cooler

B pressure ratio

y power ratio

€ void fraction

] efficiency

p density [kg/mq]

1. Introduction

Nowadays, the transition toward a decarbonized and sustainable energy sector by means of a strong penetration
of Renewable Energy Sources (RES) in the energy mix is considered a non-postponable process for tackling
climate change. However, the variable and unpredictable nature of RES — solar and wind in particular —
demands the deployment of several actions for matching the supply and demand of energy at various grid
levels [1]. Among them, the implementation of utility-scale energy storage systems is assuming a vital
importance to allow the separation of energy production from its consumption, to compensate for power
fluctuations and to provide a more regular and predictable power profile. This service requires high storage
capacities at relatively low cost [2]. Among utility-scale energy storage systems, Pumped Hydroelectric
Storage (PHES) is currently the most cost-effective technology for storing large amounts of electrical energy
[3]. However, the need for suitable geographical locations limits its diffusion. Moreover, the environmental
impact is also not negligible in terms of land occupation, disturbance of aquatic life and changes in the natural
water flows. Compressed Air Energy Storage (CAES) is another interesting option for medium- and large-
scale energy storage, potentially more cost-effective than batteries and with less environmental impact
compared to PHES. On the other hand, the use of natural geological formations, like salt mines fallen into

disuse, often proposed to limit the initial costs, reduces the storage pressure and thus its energy density.
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Furthermore, the pressure changes continuously during charge and discharge, leading to a continuous off-
design operation of the compressors/turbines, which reduces the overall plant efficiency [4]. Consequently, the
increase of non-dispatchable RES capacity and the consequent requirement for large storage capacities cannot
be fully covered only by PHES systems and so alternative technologies for medium- and large-scale energy
storage need to be investigated [5].

Pumped Thermal Energy Storage (PTES) is a promising electrical energy storage technology characterized by
high energy density, high roundtrip efficiency and no requirement for special sites for its installation [6]. PTES
systems are constituted by a power block that can operate both as a heat pump and a heat engine and a Thermal
Energy Storage (TES) system including low-temperature (LT) and high-temperature (HT) reservoirs. During
the charging process, electricity is used to pump heat from the LT reservoir to the HT reservoir through a
reverse power cycle. Conversely, during the discharging process, the stored thermal energy is converted into
electricity through a power cycle. In recent years, various PTES systems have been proposed based on different
thermodynamic cycles, such as Rankine and Brayton-Joule [7]. Among them, the research on Brayton-based
PTES is currently the most advanced, proposing studies on various plant configurations, in-depth analyses of
their thermodynamic aspects and on performance evaluation under different operating conditions [8]. In this
regard, the effect on the main performance indices of the design solutions, such as maximum and minimum
cycle temperatures and pressure ratios, was investigated by Guo et al. [9], who found the optimal configuration
of a Brayton-based PTES system. However, as highlighted by McTigue et al. [10], the achieved performance
in terms of roundtrip efficiency is highly sensitive to the losses occurring in compression and expansion
processes. This was confirmed by the exergy analysis conducted by Zhao et al. [11], indicating the maximum
exergy destruction rate in the expander during the discharging phase. Advanced exergy analysis further
revealed that, among the system components studied, the cold heat exchanger during discharge is associated
with the largest share (95%) of the avoidable exergy destruction rate. The thermodynamics and heat transfer
process affecting PTES performance were also investigated by Wang et al. [12], who highlighted the
importance of the main design parameters of TES systems, such as particle size, aspect ratio, etc., in achieving
the maximum roundtrip efficiency and a suitable discharging power stability. In this regard, Wang at al. [13]
investigated PTES performance considering different TES arrangements in terms of the number of reservoirs
and operating modes. The results demonstrated that the operating modes strongly influence the roundtrip
efficiency of the system and the delivery power variation ratio, while the number of reservoirs has a minor
impact on the performance. In all the previous papers, the TES section is based on sensible packed-bed heat
storage systems, while the most common working fluid is argon. However, other working fluids, such as air,
carbon dioxide, helium, etc., have been studied [14]. As stated by Dumont et al. [15], roundtrip efficiencies of
about 60-70% are often claimed in the literature, but these values are achieved with very high
compressor/turbine polytropic efficiencies (over 90%). Since the latter have a considerable impact on the
efficiency of a Brayton-PTES system, a strong reduction in roundtrip efficiency would be expected if slightly

lower polytropic efficiencies were assumed.



For this reason, innovative solutions should be investigated for making such storage systems competitive with
other storage technologies. An alternative PTES configuration was proposed by Benato [16], in which an
electrical heater is included after the compressor to convert electrical energy into thermal energy, aiming to
make the maximum cycle temperature independent of the compressor pressure ratio. Although the presence of
the electrical heater reduces the roundtrip efficiency, the author demonstrated that a decrease in heat exchange
areas and compressor size, and thus in PTES specific costs, is expected. The potentiality of a PTES as a
combined cooling, heating and power system was investigated by Zhang et al. [17]. Their results demonstrated
that actively and appropriately delivering heat from the hot reservoir can improve the stability of the outlet
temperature of the working fluid during the discharging phase, thereby improving the electrical efficiency and
power delivery stability of the system. As stated by Dumont et al. [15], thermal integration with other systems
could lead to substantial advantages in terms of reduction of electricity losses. In this regard, the effect of
integrating external heat sources and/or heat sinks in a PTES system was investigated by Jockenhofer et al.
[18] who demonstrated the benefits in terms of increasing the roundtrip efficiency and exergy efficiency. The
possible combination of a PTES with a natural gas distribution system using LNG cold energy as a heat sink
was proposed and analysed by Wang et al. [19], who confirmed the feasibility of thermal integration and the
potential improvement in roundtrip efficiency.

Brayton cycle PTES systems could also be suitably integrated with Concentrating Solar Power (CSP) plants.
CSP is an effective technology for converting solar energy into electricity, but the intermittent nature of solar
radiation limits the capacity factors achievable by these systems. The integration of CSP plants with PTES
systems is a possible solution to overcome this limitation. Moreover, the possible sharing of some components
between the two sections (such as the power generation section and the TES system) would lead to significant
savings in capital costs [20]. Although the integration of PTES systems with CSP plants could lead to various
potential benefits, only the study recently proposed by McTigue et al. [21] has investigated this possibility. In
particular, the paper explored the combination of PTES with a CSP plant using an sCO- power block with a
second recompression at temperatures higher than the maximum one reached in the heat pump cycle. The
results demonstrated the feasibility of integrating a PTES system with a solar source, but the proposed scheme,
which does not include any additional TES system for the solar section, produces slightly less electricity per
unit of solar heat input over a charge—discharge cycle than a stand-alone CSP cycle.

Consequently, to effectively integrate a PTES system with a solar-based power plant, the real technical
potential for an integrated PTES-CSP systems needs to be investigated in more depth. For this reason, a novel
integrated PTES-CSP plant is proposed in this study A simulation model has been developed in the MATLAB
environment to evaluate the performance of the single sections and of the overall system. In particular, the
performance of the integrated system is evaluated as a function of the main design parameters: the compressor
pressure ratio and the outlet temperatures of the water coolers. Since the integrated system is fed by two
different energy sources, namely, electrical energy from the grid and thermal energy from the solar receiver,
its performance has been assessed by using exergy performance indices. In particular, the hominal exergy

roundtrip efficiency of both the integrated PTES-CSP and the PTES systems, as well as the exergy efficiency



of the CSP section and the ratio of the power produced by the PTES section to that produced by the integrated
PTES-CSP system during their discharging phases, have been calculated and discussed. Moreover, as a case
study, an integrated PTES—-CSP system using argon as the working fluid, a nominal power of 5 MW and a
storage capacity of 4 equivalent hours of operation at design conditions has been considered. The preliminary
design for this case study, in terms of the volume, diameter and height of the storage vessels, as well as the
size of compressors and turbines, has been carried out. Moreover, a sensitivity analysis has been carried out

on the polytropic efficiency of the compressor and turbine and on their maximum temperature.
2. System configuration

As mentioned in the previous section, a PTES system is a storage system in which the electrical energy is used
to store thermal energy in hot and cold reservoirs during the charging phase, which is reconverted into
electricity during the discharging phase. Figure 1 shows the scheme of a typical PTES system based on a
Brayton cycle and the corresponding thermodynamic cycles for both the charging and discharging phases. In
addition to the hot and cold reservoirs, the system is equipped with two compressors (C1 and C2), two turbines
(T1 and T2), an electric motor/generator (M/G) and two water coolers (WCO1 and WCO2). The system
operates as a Brayton heat pump during the charging phase: the working fluid is compressed by C1 (10-11),
reaching the maximum cycle pressure and temperature, and subsequently sent to the hot reservoir for charging
this TES system (11-12). A further cooling (12-13) is performed in WCOL1 to allow the working fluid to close
the thermodynamic cycle, overcoming the turbomachinery irreversibilities. The following expansion in T1
(13-14) leads to temperatures usually lower than the ambient one. Therefore, the working fluid is taken back
to the initial conditions (14-9) and the cryogenic energy is stored in the cold reservoir. Since the work of the

cycle is negative, the required power is supplied by the electrical grid.
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Figure 1 — (a) Schematic of a typical Brayton-based PTES system and (b) thermodynamic cycles in the
temperature—entropy diagram.



During the discharging phase, the system operates as a Brayton heat engine: the working fluid is cooled down
to minimum cycle temperature in the cold reservoir (9-2), compressed by C2 (2-3), then, it is heated up in the
hot reservoir (3-5), reaching the maximum cycle temperature, and subsequently it expands in T2 (5-7). A
second water cooler (WCO2) reduces the temperature of the working fluid (7-8) to the initial conditions. In
this operating condition, the work of the cycle is positive and the ratio of the electrical energy produced during
the discharging phase to that absorbed during the charging phase defines the roundtrip efficiency of the PTES
system. As shown in Figure 1(b), in a PTES system the maximum temperature (T11, which is also equal to Ts
and Ts) directly depends on the compressor pressure ratio and, therefore, an increase of this design parameter
could be beneficial for the performance of the storage system. On the other hand, several issues may arise with
high values of the pressure ratio: (i) the maximum cycle temperature corresponds with the outlet temperature
of the last compressor stage and currently there are few compressor technologies able to handle temperatures
higher than 800-850 K; (ii) the design of the hot reservoir could be demanding, due to the high operating
pressures; (iii) the variation of temperature profiles inside the packed-bed TES system leads to corresponding
variations of the turbomachinery inlet temperatures and therefore of the minimum/maximum cycle
temperatures. The introduction of an external HT thermal input could partially overcome the above-mentioned
critical issues. For this reason, the integration of a PTES system with a CSP plant is proposed and investigated
in this study.

The configuration of the integrated PTES—CSP system here considered is shown in Figure 2. The two sections
(PTES and CSP) operate with the same working fluid, share several components and can operate

simultaneously or independently of each other.
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Figure 2 — System configuration of the integrated PTES—CSP plant.



Compared to the solely PTES configuration, a gas-phase solar receiver is included together with an additional
high-temperature reservoir (HT-TES), a turbine (T3) and a water cooler (WCQ3). Since PTES systems usually
operate with limited pressure ratios to avoid too high a pressure in the hot reservoir, direct heating of the
working fluid in the receiver is a viable choice, avoiding the use of a gas-to-gas heat exchanger or high costs
for piping, receiver and vessel due to high pressures. Overall, the integrated plant is composed of three TES
systems to deal with the intermittent nature of solar radiation and to give the flexibility required by an electrical
energy storage system devoted to providing ancillary services to the grid. As shown by Figure 2, the integrated
system includes an HT-TES for dealing with the intermittence of solar energy availability and increasing the
capacity factor of the CSP section, a medium temperature TES (MT-TES) and a low temperature TES (LT-
TES), corresponding to the hot and cold reservoirs of the PTES system in Figure 1. The gaseous nature of the
working fluid leads to the choice of a single-tank thermocline packed-bed system for all three TES sections.

For a better understanding of the behaviour of the integrated system, Figure 3 and Figure 4 show the system
configuration and the corresponding thermodynamic cycle during the charging and discharging phases,
respectively. The first operating mode (charging) occurs during periods of electrical energy overproduction
and simultaneous availability of thermal power from the solar receiver. In these conditions, the delivery of
power from the CSP section is not convenient for either the plant owner, since the selling prices are usually
low in these conditions, or the Transmission System Operator (TSO), since it would further affect the grid
power balance. For this reason, this operating mode is used only to charge the HT-TES with the thermal energy
available from the solar source while the net energy absorbed from the grid (that is, the difference between the
energy required by the compressor and that produced by the turbine) is used to ‘pump’ heat from the LT-TES
to the HT-TES and MT-TES. As shown in Figure 3(a), after compression in C1 (1C-2C), the working fluid
reaches its maximum temperature in the receiver (2C-3C). Subsequently, it is sent to the HT-TES to store the
thermal power obtained from the solar source (3C—4C). This storage section is arranged to obtain a working

fluid outlet temperature equal to that set as the maximum inlet temperature of the MT-TES.
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Figure 3 — (a) Schematic of the integrated PTES—-CSP plant during charging mode and (b) corresponding
thermodynamic cycle.
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Figure 4 — (a) Schematic of the integrated PTES—CSP plant during discharging mode and (b) corresponding
thermodynamic cycle.

The working fluid then follows the same path as for the PTES-only charging phase: a first cooling in the MT-
TES, a further cooling in the WCOL up to a designed temperature, an expansion in T1 and a heating in the LT-
TES.

As can be seen, in the PTES-CSP configuration the maximum temperature of the PTES section (Tac) does not
directly depend on the compressor outlet temperature, unlike in the PTES-only system, but on the minimum
temperature in the HT-TES, which is usually more stable and less sensitive to variation of operating conditions.
Furthermore, the receiver would operate at low pressures (as mentioned, the pressure ratio in a PTES system
is generally below 10), but with high inlet temperatures (required to assure proper performance when the
system operates in PTES-only mode). This could be beneficial both from an energetic point of view, since the
irreversibility would be minimized, and from an economic point of view, with an easier design of the receiver.
During the discharging phase of the integrated PTES—CSP plant, the energy stored in the three TES systems
is used to produce electrical energy. As can be observed in Figure 4(a), the working fluid is cooled down to
reach the minimum temperature of the LT-TES (1D-2D) before entering the compressor C2 (2D-3D). An
important increase of the working fluid temperature then occurs thanks to the energy stored in the MT-TES
(3D-4D) and the HT-TES (4D-5D), together with the energy eventually produced by the solar field.
Downstream of the heating process, the working fluid expands in turbine T3 (5D-6D) and it is subsequently
cooled in WCO3 (6D-1D) to reach the initial temperature. The thermal energy released by the working fluid
in this cooler is usually characterized by a relative high energy quality and therefore it can be available for
external use. Finally, it is worth noting that the proposed system configuration could also operate in CSP-only
mode. As shown in Figure 5(a), in this operating mode, the compressor C1 is used to increase the pressure of
the working fluid (1S-2S). After a further increase of the temperature by means of the solar receiver and/or
the HT-TES (2S-3S), the working fluid expands in turbine T3 (35-4S) and then is cooled by WCO3 (45-1S).
However, it is expected that this operating mode would be used infrequently, due to both the intermittent

availability of the solar source and the probable continuous request for ancillary services by the TSO.



Obviously, as better discussed below, the system can also operate in PTES-only mode by following the

charging and discharging cycles in Figure 1(b).
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Figure 5 — (a) Schematic of the integrated PTES—CSP plant during CSP-only operating mode and (b)
corresponding thermodynamic cycle.

3. Methods

The main assumptions and the mathematical models used for assessing the performance of the integrated
PTES-CSP plant are introduced in this section. First, the method used for determining the thermodynamic
cycles during design conditions is presented. Subsequently, the sizing of the main components, in particular
of the three TES systems, is introduced. Finally, the performance indices adopted for evaluating the various
sections and the overall system are defined. All the mathematical models were implemented in the MATLAB

environment, while the Coolprop database [10] was used for the evaluation of working fluid properties.
3.1. Thermodynamic cycles

The first step concerns the definition of the reference thermodynamic cycles followed by the integrated PTES—
CSP plant during the various operating phases. It is assumed that under design conditions the inlet and outlet
temperatures of the three TES systems are univocal. Consequently, to achieve a univocal LT-TES maximum
temperature regardless of the discharging mode adopted (PTES-only or PTES-CSP), the working fluid
temperatures at the outlet side of WCO3 and WCQO?2 are the same. Furthermore, the minimum temperature of
the HT-TES is equal to the compressor outlet temperature to achieve the same MT-TES maximum temperature
during the charging phase of both the PTES-only and the integrated PTES—-CSP operating phases.

Three design variables are identified for determining all the thermodynamic states: the compressor pressure
ratio (8¢), the WCO1 outlet temperature (Tyy 1) and the WCO2 outlet temperature (Ty,co2). The latter is also
equal to the WCO3 outlet temperature. For each variable, a range of feasible values is assumed to define the

search space of the potential reference cycles, as reported in Table 1.



A minimum cycle pressure of 1 bar is set as the design value, but lower pressures could be imposed in the
closed-loop Brayton cycle to limit the maximum pressure operating in the receiver and HT-TES and MT-TES
by keeping the same pressure ratio. A maximum temperature of 1000 K can be considered as an achievable
target for a gas receiver, regardless of the receiver architecture [22]. According to McTigue et al. [10,12],
argon is chosen as the working fluid thanks to the high ratio of the specific heat at constant pressure to that at
constant volume, while the polytropic efficiency of the turbines and compressors is set to 0.90. A relative
pressure loss of 2% in the three TES systems, in the receiver and in the three water coolers is also assumed.
Finally, two constraints are imposed concerning the minimum and maximum temperatures in the compressors
and turbines. In accordance with White et al. [7,16], these temperatures are set considering the current
technological limitations in compressor design. All the design parameters and assumptions are summarized in
Table 1.

Table 1 — Main parameter assumptions and variable ranges set for determining the design of the
thermodynamic states of the integrated PTES-CSP plant.

Parameter Value Variable Range
Minimum cycle pressure 1 bar Compressor pressure ratio 2-7

Outlet receiver temperature 1000 K Outlet WCOL1 temperature 310-600 K
Working fluid Argon Outlet WCO2/WCQO3 temperature 310-600 K
Turbine polytropic efficiency 0.90 Constraints Value
Compressor polytropic efficiency  0.90 Turbomachinery minimum temperature 173 K
Relative pressure losses 2% Turbomachinery maximum temperature 823 K

Once the thermodynamic cycle is defined, the specific exergy (e) of all the streams is determined and then
used for the performance evaluation. Since a closed-loop cycle with the same working substance has been

studied, only the physical component of specific exergy is considered:

e =(h—hy) — Ty(s —sp) @

where h and s are the specific enthalpy and entropy of the stream, respectively, T, is the reference temperature
(assumed to be 298.15 K), and h, and s, are the reference specific enthalpy and entropy, respectively (a

reference pressure of 1.013 bar is set).
3.2. Sizing of the main plant components

For a given thermodynamic cycle, sizing of the main components is carried out by means of two design
parameters: the net power produced by the integrated PTES—CSP plant during the discharging phase under
design conditions (WPTES—CSP,D) and the nominal storage capacity of the TES section (Attgs), expressed in

terms of equivalent hours of operation of the plant under nominal conditions.
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In particular, the mass flow rate of the working fluid (myy) is calculated in accordance with the useful power

produced by the integrated plant during the discharging phase, as:

I WprEs—csp,p @
WE ™ [(hsp — hep) — (hap — hyp)]

The compressor C1, the turbine T1 and the water cooler WCOL are designed in accordance with the

thermodynamic states during the charging phase, while compressor C2, turbines T2 and T3, and water coolers
WCO2 and WCO3 are sized considering the operating temperatures and pressure during the design discharging
phase. Moreover, the study focuses on cycle assessment and therefore mechanical losses, auxiliary

consumption and solar field efficiency are neglected.
3.2.1. TES sizing and modelling

As stated previously, the plant includes a TES system based on three thermocline packed-bed tanks at different
temperature levels, each sized to provide the required storage capacity Attgs. Granite pebbles are chosen as
the solid storage medium for their low cost and because they can suitably bear the extreme temperatures

reached by the working fluid. The stored energy (Etgs) can be therefore calculated as:
ETgs = mWFEWF(TWF,max - TWF.min) " Atrgs (3)

where cyy is the average specific heat of the working fluid, while Tyg max and Ty min are the maximum and

minimum fluid temperatures inside the TES system, respectively. Starting from the amount of energy stored,
the theoretical tank volume (Vrgs ), namely, the storage volume required if the entire packed bed is heated up

from the minimum temperature (Tyyg min) t0 the maximum temperature (Tyg max). IS calculated as follows:

ETgs
(PsCs(1 — €) + pwrcwre) * (Twrmax — TwE.min)

(4)

VrEst =

where pg is the average density of the solid medium (assumed equal to 2688 kg/m?), pwr is the average density
of the working fluid, cg is the specific heat of the solid medium and ¢ is the void fraction of the bed, here
assumed to be 0.4. Since the packed bed should operate in a wide temperature range (from below 273 K up to
1000 K), empirical correlations obtained from experimental tests [23,24] are used for evaluating the main

thermal properties of the solid medium, as shown in Figure 6.
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Figure 6 — Specific heat and thermal conductivity of the granite pebbles against temperature.

A transient 1-D two-equation model was implemented for simulating the thermal behaviour of the TES system,
required for determining the actual tank volume. By assuming a homogeneous and isotropic bed with a constant
radial temperature profile, the temperature profiles along the bed for both the working fluid (Tyg) and the solid

medium (Ts) are calculated by means of the following equations:

0T Ty _
EPWECWF 5 — + PWFCWFU— = = ocAs(Ts — Twr) — UrgsAtes(Twr — Tams) ®)
OTs 92T, )
(1 —&)pscs Fre keffﬁ + acAs(Twr — Tgep) (6)

where ke IS the effective thermal conductivity that also takes into account the radiation contribution [25]
within the bed. Ag and a.. are the superficial area per unit of volume of the bed and the convective heat transfer
coefficient, respectively, Utgs is the overall heat transfer coefficient between the tank and the environment
(set to 0.3 W/m? K), Apgs is the superficial area per unit of volume of the vessel and Tayp is the ambient
temperature.

The convective heat transfer coefficient a is strictly dependent on the Nusselt number evaluated using the well-
known empirical correlation given by eq. (7) [26,27], while Ag depends on the particle diameter (d,,, assumed

to be 0.03 m) and void fraction () as reported in eq. (8):

Nu = 2.0+ 1.1-Re,® - Pr033 (7
6:-(1—¢)
Ag=—7"— (8)
dp

The effective thermal conductivity, k¢, of the bed, given by eq. (9), takes into account the conductivity of
both the solid medium and the working fluid; it also includes the effects of thermal radiation, which are non-

negligible at temperatures higher than 300 °C [28]:
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oy d ™(1—-¢)
keff = kWF S <1 +T ]Zv P + 1 9 (9)
WF _ 4=
l+ arsdp K
¢ kwr

where kg and kyp represent the thermal conductivity of the solid medium and working fluid, respectively,
while x is their ratio, T represents the ratio of the distance of the centres of two adjacent solid pebbles to the
diameter of the pebble (set to 0.9), 6 is the ratio of the pebble length affected by the thermal conductivity to
the diameter of the pebble (set to 2/3), ¢ is a parameter that measures the thickness of the fluid film adjacent
to the contact point of two solid pebbles that depends on the bed void, obtained according the correlations
proposed in [25,28], and a,., and a, are the void-to-void radiative heat transfer coefficient and solid-to-solid

surface radiative heat transfer coefficient, respectively, calculated according to the following correlations:

0.1952 Twr\>
v = (1+ e 1 —es) (100) (10)
2(1—¢) &
_ €s TS )3
frs = 0.1952 (2 - es) (100 (11)

where € is the solid emissivity (imposed to be 0.85). A spatial step of 0.05 m and a variable timestep with a
maximum of 10 s were imposed during the simulation. To minimize the hysteresis effect, the temperature
profiles obtained after five complete charging—discharging cycles are taken as references for the evaluation of

the useful storage zone.
3.3. Performance indices

Several indices are defined and analysed to characterize the performance of the integrated PTES—-CSP plant
by varying the main design parameters, such as pressure ratio 5. and WCOs outlet temperature. All the
performance indices refer to nominal conditions, with a constant mass flow rate of the working fluid regardless
of the operating mode. Because the integrated system is fed by two energy sources characterized by a different
energy quality, namely, the electrical energy from the grid and the thermal energy in the solar receiver, the
performance is evaluated by analysing the exergy flows instead of the energetic ones.

The performance indices are evaluated by assuming that the integrated plant is completely fed by the TES
system during the discharging phase, without the use of external energy sources. Moreover, the TES thermal
losses are assumed negligible and maximum and minimum temperatures inside the three storage vessels are
kept constant during the charging-discharging cycle

The first performance index is the nominal exergy roundtrip efficiency of the integrated PTES-CSP system

(NrrpTES—Csp)- It is defined as the ratio of the time integral of the nominal power delivered during the
discharging phase (Wprgs_cspp) to the time integral of the sum of the nominal absorbed electrical power

(WPTES_C) and the nominal exergy input in the solar receiver (Eg) during the charging phase:
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tp i
Jo” Wprgs_csp,pdt

fotc(leTES,Cl + Ep)dt

NRT,PTES-CSP = (12)
where t. and tj are the nominal charging and discharging times, respectively.

According to the abovementioned assumptions, the exergy flows remain constant during the charging-
discharging cycles, and, neglecting thermal losses, the discharging time (tp) is equal to the charging time (t).
Consequently, the nominal roundtrip efficiency of the integrated PTES-CSP system can be expressed as:

WprEs—cspp * tp _ WprEs—csp,p
(|WPTES,C| + ER) “te (|WPTES,C| + ER)

NRT,PTES-CSP = (13)

Since the mass flow rate of the working fluid does not vary between the charging and the discharging phases,
NRrTPTES—Csp Can be simply expressed as the ratio between the specific product exergy during the discharging
phase and the specific fuel exergy during the charging phase:

. _ (hyp — hyp) — (h3p — hyp)
RTPTES=CSP ™ (hye — hyc) — (hgc — hye) + (e3¢ — €2¢)

(14)

A second performance index concerns the nominal roundtrip efficiency (ngr pres) of the sole PTES section,
which is defined as the ratio of the time integral of the electric power produced by the sole PTES section during

the discharging phase (V'VPTES,D) to the time integral of the electric power absorbed during the charging phase

(WPTES,C):

t .
Jo” Wprgs pdt
NRT,PTES = o o (15)
Jo¢|Wergs | dt
Similarly to the previous index, nrr pres Can be operatively expressed as:
V‘VPTES,D ' tD V.VPTES,D (h4D - h7D) - (h3D - hZD)
NRT,PTES = = = (16)

|WPTES,C| “tc B |WPTES,C| - (hzc - th) - (hec - h7C)

The exergy efficiency of the system when only the CSP section is in operation (ncsp) is also investigated as a
third performance index. It is defined as the ratio of the power produced by the CSP section in a stand-alone

operation (W¢sp) to the exergy input in the solar receiver (Eg):

Wesp _ (hsp — hgp) — (hyc —hye)
Er (esc — ezc)

Ncsp = (17)

Finally, a PTES power share (y) is introduced to investigate the weight of the PTES section compared to that
of the overall PTES-CSP plant. The power share is the ratio of the nominal power produced by the PTES
section (Wprgs p) to the nominal power produced by the integrated PTES-CSP system (Wprgs_csp,p) during

the discharging phase:
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y= Wpres p _ (hyp — hyp) — (hzp — hyp)
Wpres—cspp  (hsp — hgp) — (hsp —hyp)

(18)

4, Results and discussion

In this section, the performance of the integrated PTES—CSP system under design conditions as a function of
the different design parameters, namely, pressure ratio and outlet temperatures of the water coolers (that is, the
temperature imposed in section 6C of Figure 3 and section 1D of Figure 4), is presented and discussed. Figure
7(a—d) shows the performance indices defined in the previous section as a function of the pressure ratio (8¢),
by assuming a maximum temperature at the outlet of the solar receiver of 1000 K and optimized WCO1 and
WCO2/WCQO3 outlet temperatures. The optimization process was carried out by finding the temperatures that
allow maximization of the roundtrip efficiency of the integrated PTES—-CSP plant for a given pressure ratio.
As shown in Figure 7(a), an increase of B leads to an initial improvement of the system performance both in
the case of operating in integrated mode and in PTES-only mode. In fact, the reduction of the heat released to
the environment by WCO2 and WCO3 achieved with the rise in pressure ratio leads to an improvement of the
performance during the discharging phase. As can be observed in Figure 7(b), the rise in the pressure ratio also
leads to a decrease of the optimal WCO?2 outlet temperature, which also defines the maximum temperature in
the MT-TES and the inlet temperature in the solar receiver, while the optimal outlet temperature of the WCO1
remains constant and equal to the imposed minimum one. It is worth noting that the optimal WCO2 outlet
temperature coincides with the maximum temperature that satisfies the turbomachinery maximum temperature
constraint. An increase of this threshold would therefore lead to an increase of the optimal WCO2 outlet
temperature and a consequent enhancement of the system performance. The roundtrip efficiency increases
with the rise of S, until a maximum value is reached for a value of B, of about 5.2. In these conditions, the
constraint related to the minimum temperature achievable in the turbomachinery becomes stricter and a further
rise in S requires an appropriate rise in the WCO1 outlet temperature to keep a minimum cycle temperature
higher than 173 K. Consequently, starting from this condition, the benefits to system performance during the
discharging phase deriving from the rise of the pressure ratio are compensated by the significant increase of
heat released by WCO1, with the subsequent decrement of performance during the charging phase.

As shown by Figure 7(c), the exergy efficiency achieved when only the CSP section is in operation is negative

for pressure ratios lower than 3.8, and even for the highest . value the efficiency is below 0.15.
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Figure 7 — Maximum performance indices achieved by the integrated PTES—CSP plant as a function of the
compressor pressure ratio by assuming a maximum temperature of 1000 K.

In fact, the design of the system is based on optimizing the performance of the integrated PTES—CSP plant
and the operability of the sole CSP section is assumed as infrequent. Enhancement of this performance
parameter could be achieved by reducing the WCO2 outlet temperature. However, this design choice would
also affect the performance of the PTES section, with an overall degradation of the integrated PTES—CSP
plant’s performance.

Finally, the variation of the PTES power share shown in Figure 7(d) is rather limited in the assumed variation
range of S (values of y are around 0.7). A significant change in the weight of the two power outputs is
therefore achievable only with an increase of the maximum temperature in the solar receiver or with a decrease

of the WCO2 design outlet temperature (with the consequent decrease of roundtrip efficiency).
4.1. Plant sizing

The results previously discussed demonstrate that maximization of the PTES—CSP roundtrip efficiency is
achieved by increasing the pressure ratio until the WCO2 outlet temperature remains at its lowest value and
with a WCOL outlet temperature chosen to reach the maximum allowable temperature on the compressor outlet
side. Following this design approach, the thermodynamic cycles of the various operating modes are therefore
defined. As mentioned in the previous section, sizing of the various components requires the definition of two
other design parameters, namely, the net power produced by the integrated PTES—CSP plant and the nominal

storage capacity of the three storage tanks. In this study, sizing of the plant was carried out by setting a nominal
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net power of 5 MW and a storage capacity of 4 equivalent hours of plant operation at nominal conditions. The

most important results of the preliminary design of the integrated PTES—CSP plant are reported in Table 2.

Table 2 — Preliminary design of the integrated PTES-CSP plant.

Design parameters Component size

Pressure ratio 5.2 Mass flow rate 38.6 kg/s
WCOL1 outlet temperature 310 K Compressor C1 nominal power  8.61 MW
WCO2 outlet temperature 395 K Compressor C2 nominal power  3.77 MW
PTES—CSP net power 5 MW Turbine T1 nominal power 2.73 MW
TES capacity 4 hours  Turbine T2 nominal power 7.28 MW
Performance indices Turbine T3 nominal power 8.77 MW
PTES—CSP roundtrip efficiency (ngr pres—csp) 60.4% Solar receiver thermal input 3.58 MW,
PTES-only roundtrip efficiency (ngr pres) 59.7% WCO1 nominal heat released 1.05 MW,
CSP-only efficiency (ncsp) 7.1% WCO2 nominal heat released 1.32 MW,
PTES power share (y) 70.0% WCO3 nominal heat released 3.40 MW,

Table 3 reports a preliminary design for the three storage tanks, including the storage volume required in terms
of theoretical (Vrgs ) and actual vessel volume (Vrgs ) and the corresponding diameter and height (an aspect
ratio of 3 was assumed). Although the difference between the maximum and minimum temperature of the
working fluid along the bed is at a maximum for the MT-TES, the required theoretical volume for this tank is
smaller than that of the LT-TES one. This is due to the strong increase of the specific heat of the granite pebbles
with temperature as shown in Figure 6, with a corresponding decrease of the required storage volume per unit
of temperature variation.

As already mentioned, the need to keep fixed temperatures at the inlet and outlet sides of the packed bed results
from the presence of a thermocline inside the tank at the end of each cycle. This leads to a strong increase in
the actual storage volume required by the three TES systems. In particular, an increment of about ten times the
theoretical storage volume occurs if no thresholds in the outlet temperature are imposed, that is no tolerances
in the minimum and maximum temperatures are allowed during the charging and discharging phases. To avoid
the requirement for vessels with a very large storage volume, with a consequent rise in the capital costs, a
tolerance in outlet temperature of 20 K is therefore assumed, resulting in a reduction in the actual TES volume
of more than 60% compared to the no-threshold case. Consequently, as reported in Table 3, the actual storage
volume required by the three TES systems is about three times the minimum theoretical storage volume. The
largest increase is observed for the MT-TES, since it is characterized by the highest temperature difference
and the consequent decrement of the useful storage zone. Because the hysteresis effect reduces the useful
storage zone with the progression of the cycles, the temperature profiles obtained after five complete charging—
discharging cycles are used. By way of example, Figure 8 shows the temperature profiles within the LT-TES

and MT-TES obtained at the end of the charging and discharging phases in the fifth cycle. The figure highlights
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the useful storage zone as the area enclosed between the two temperature profiles as well as the variation in
the minimum and maximum temperatures achieved at the end of the charging and discharging phases due to

the introduction of a temperature threshold of 20 K.

Table 3 — Main design parameters for the three TES systems of the proposed PTES-CSP plant.

Storage system LT-TES MT-TES HT-TES
Temperature difference [K] 224 458 181
Theoretical TES volume (Vrgs ) [M°] 254 191 172
No threshold 2032 2032 1452
Actual TES volume (Vygs,) [m] )
With threshold (20 K) 782 782 452
Diameter [m] 14.4 14.4 12.0
Height [m] 4.8 4.8 4.0
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Figure 8 — Temperature profiles of the LT-TES (left side) and MT-TES (right side) at the end of the charging
and discharging phases with an outlet temperature threshold of 20 K.

4.2. Outlet receiver temperature effect

In the previous analysis, the maximum temperature achieved in the solar receiver (Tsc) was assumed to be
constant and equal to 1000 K. Depending on both the receiver design and the concentrating factor imposed for
the solar field, different temperatures could be obtained. Therefore, the effect of this design parameter on the
main plant performance indices was investigated and the main results are shown in Figure 9. It is worth noting
that the performance of the PTES section is not affected by this design parameter (no changes in the minimum
and maximum temperatures occur in the LT-TES and MT-TES) or by the optimal outlet temperature of the
water coolers. On the other hand, the conversion efficiency of the CSP plant as well as its weight in the overall

net power output vary widely with this parameter. As shown in Figure 9(a), an increase of 50 K could lead to

18



an increase of the CSP-only efficiency of more than 10 percentage points, regardless of the imposed pressure
ratio. It is therefore clear that an integrated PTES—CSP plant designed for large use of the CSP-only operating
mode requires the achievement of high temperatures in the receiver although the benefits in performance will
become more and more marginal with a rise in Tsc. As shown in Figure 9(b), a decrease of about 5 percentage
points in the power ratio index occurs with a 50 K rise in the maximum temperature. These variations are then
reflected in the trend of the roundtrip efficiency of the integrated PTES—CSP plant, as shown in Figure 9(c).
A rise in the outlet receiver temperature and a simultaneous increase of the weight of the CSP plant,
characterized by a lower conversion efficiency, are not beneficial for lower pressure ratios but the performance
increment of the solar section with the rise of S, leads to a turnaround and the benefits of increasing the
maximum temperature become visible for 5. > 5. Furthermore, an increase in the optimal pressure ratio

(previously detected as 5.2) is also observed, despite the decline in performance in the PTES section.
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Figure 9 — Main performance indices achieved by the integrated PTES-CSP plant as a function of the
maximum cycle temperature.

4.3. Turbomachinery performance effect

The performance of the integrated PTES—CSP plant is also strongly influenced by the technology level of
compressors and turbines. In particular, two main turbomachinery parameters influence the performance of
the plant under nominal conditions: the polytropic efficiency and the maximum operating temperatures. Figure
10(a—d) shows the variation of the main performance indices with the polytropic efficiency by varying the
pressure ratio. The polytropic efficiency is explanatory of the technology level of turbomachines and no
difference among compressors and expanders is introduced (n; = ny). As shown in Figure 10(a), the
turbomachinery efficiency strongly influences the PTES roundtrip efficiency, with an increment of about 3
percentage points per percentage point of increment in the polytropic efficiency. This behaviour, already
shown by other published papers [10,12], highlights the need for compressors and expanders with a high
technology level if competitive roundtrip efficiencies are to be achieved. Also, the efficiency of the CSP plant
in stand-alone operating mode (Figure 10(b)) could largely benefit from an increase of the compressor/turbine
polytropic efficiency while this operating mode is not allowable for efficiency values lower than 0.90. These

trends are obviously reflected in the roundtrip efficiency of the integrated plant, as shown in Figure 10(c),
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especially for plant designs characterized by high pressure ratios while, as shown by Figure 10(d), the power

ratio between the two section remains almost constant.
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Figure 10 — Main performance indices achieved by the integrated PTES—CSP plant as a function of
turbomachinery polytropic efficiency.

The temperature limits imposed for compressors and turbines also strongly affect the performance of the
integrated system since they correspond to the minimum and maximum allowed temperature in the PTES
section. As demonstrated by the previous results, for a given pressure ratio the optimal WCO2 temperature
was determined to keep an outlet C1 temperature equal to the maximum allowed, while the best performance
was achieved for the lowest value of pressure ratio that assures the minimum allowable temperature at the
outlet side of the turbine T1. Therefore, it is evident that a relaxation in the temperature bounds will result in
an enhancement of the PTES performance. By way of example, Figure 11(a—d) shows the impact of the
maximum allowable temperature (Tmax) in the compressors/turbines on the main performance indices.

As expected, a rise in the maximum allowable temperature, and thus in the maximum temperature of the
Brayton cycle followed by the PTES section, leads to an improvement of the roundtrip efficiency during PTES-
only operation (Figure 11(a)). Simultaneously, as can be observed in Figure 11(b), a strong drop in n.sp and
the consequent impossibility of following CSP-only operation occur since an increase of the outlet temperature
C1 leads to negative efficiencies regardless of the compressor pressure ratio imposed.

However, this drawback is not reflected in the roundtrip efficiency of the integrated plant (Figure 11(c)) since,
as shown in Figure 11(d), the weight of the CSP plant becomes more and more marginal with a rise of the

maximum allowable temperature and y approaches unity for pressure ratios higher than 3. In these conditions,
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the benefits of integrating the PTES system with a solar section will become insignificant without a rise in the

maximum receiver temperature.
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Figure 11 — Main performance indices achieved by the integrated PTES—CSP plant as a function of
turbomachinery maximum temperature.

5. Conclusions

An innovative PTES system integrated with a CSP plant based on a closed-loop Brayton-Joule cycle was
proposed and analysed in this study. The integrated PTES—CSP plant includes three TES storage tanks and
argon was chosen as the working fluid. Specific mathematical models were developed to simulate the PTES
and CSP sections under design conditions, as well as to calculate the thermal behaviour of the different TES
storage tanks during the charging and discharging processes and to assess the required storage volumes.

The study demonstrated that maximization of the PTES—-CSP exergetic roundtrip efficiency is achieved by
increasing the pressure ratio until the maximum temperature of the LT-TES remains at its lowest value.
Furthermore, the outlet temperature of the water cooler downstream of the MT-TES should be chosen to reach
the maximum allowable temperature at the compressor outlet side. The plant’s performance is strongly
influenced by the turbomachinery technology level. A rise in the expected polytropic efficiency and the ability
to operate in a wider temperature range would result in a significant performance enhancement, achieving
roundtrip efficiencies comparable with those of PHES systems. The influence of the maximum temperature
achieved in the solar receiver on the main plant performance indices was also investigated, highlighting a shift
of the optimal pressure ratio toward higher values and the consequent performance improvement, especially

in the CSP section with a rise of this design parameter.
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A feasible design for the PTES—CSP system with a rated power of 5 MW and 4 hours of storage capacity was
then proposed, achieving an exergetic roundtrip efficiency of the integrated plant of about 60%. On the other
hand, since all the plant components should frequently operate far from their nominal conditions (due to
fluctuation in both storage service requirements and solar energy availability), the actual capabilities of the
integrated system during the operating phases should be investigated. For this reason, the development of
specific mathematical models for investigating the plant’s performance under off-design conditions, as well as
the study of suitable control strategies for optimum management of the integrated plant, are currently under

development for future works.
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