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Abstract:

In this paper, the integration of Brayton cycle PTES systems with Concentrating solar power (CSP) plants is
proposed and investigated. Specific mathematical models were developed to simulate the PTES and CSP
sections as well as to calculate the thermal profiles of the different TES storage tanks during the charging
and discharging phases. As case study, an integrated PTES-CSP system using argon as working fluid and
characterized by a nominal power of 5 MW and a nominal storage capacity of 4 equivalent hours of
operation is considered. The influence of the main design parameters on two performance indexes, namely,
the charge-to-discharge efficiencies of the sole PTES section and the integrated PTES-CSP plant, have
been investigated. The results demonstrate that the use of high values of pressure ratio is beneficial for the
charge-to-discharge efficiency of the integrated plant, even if too high operating pressures could be
detrimental for the design of the solar receiver and the high temperature storage tank. The low temperature
TES is a critical component due to its cryogenic operating conditions, but an increase in the minimum
temperature should be achieved by increasing the inlet temperature of the LP compressor. A sensitivity
analysis on the compressor and turbine efficiencies, maximum and minimum temperatures, circuit pressure
drop and working fluid has been carried out. Finally, a feasible design of the PTES-CSP system with a PTES
roundtrip efficiency of nearly 52% and a charge-to-discharge efficiency of the integrated PTES-CSP plant of
about 36% was proposed.
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1. Introduction

Pumped Thermal Energy Storage (PTES) is a promising electrical energy storage technology characterized
by high energy density, high roundtrip efficiency and no requirements of special sites for its installation [1].
PTES systems are constituted by a power block that can operate both as heat pump and heat engine and a
Thermal Energy Storage (TES) system constituted by a low temperature (LT) reservoir and a high
temperature (HT) reservoir. During the charging process, electricity is used to pump heat from the LT
reservoir to the HT reservoir through a reverse power cycle. 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 cycles, such as Rankine and Brayton cycles [2]. Among them, the
research on PTES based on Brayton cycle is currently the most advanced with studies on various plant
configurations, in-depth analyses on their thermodynamic aspects and on performance evaluation under
different operating conditions [3]. In this regard, the effect on main performance indexes of the design
solutions as maximum and minimum cycle temperatures and pressure ratios was investigated by Guo et al.
[4], finding the optimal configuration of a Brayton-based PTES system. However, as highlighted by McTigue
et al. [5], the achieved performance in terms of roundtrip efficiency are strongly sensitive to the loss factors
that occur in compression and expansion processes. An alternative PTES configuration was proposed by
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Benato [6], 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 from 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 thermodynamics and heat transfer process affecting the PTES performance were
also investigated by Wang et al. [7], highlighting the importance of the main design parameters of the TES
systems, as particle size, aspect ratio etc., to achieve the maximum roundtrip efficiency and a suitable
discharging power stability. In all the previous papers, the TES section is based on packed bed sensible 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 [8]. As stated by Dumont et al. [9], 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 the 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 the common storage technologies (such as pumped hydro
and compressed air energy storage systems).

In this paper, the integration of Brayton cycle PTES systems with Concentrating Solar Power (CSP) plants is
proposed and investigated. CSP is an effective technology to convert 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, increasing the plant
dispatchability and the capacity factor. 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. The possible integration of a PTES system with a CSP plant has not yet been proposed and
investigated in literature, to the author's knowledge. To demonstrate the benefits led by the integration of
solar power plants and PTES systems, a simulation model for the integrated PTES-CSP plant has been
developed on MATLAB environment. As case study, an integrated PTES-CSP system using argon as
working fluid and with a nominal power of 5 MW and a nominal storage capacity of 4 equivalent hours of
operation has been considered. A design approach for determining the operating conditions of the two
sections under nominal conditions has been proposed. The influence of the main design parameters on the
performance indexes, namely, the roundtrip efficiency of the PTES section and the charge-to-discharge
efficiency of the integrated PTES-CSP section, has been investigated with the aim of finding the optimal
cycle configuration in terms of compressor pressure ratio and TES operating temperatures. An analysis on
the required TES volumes has been also carried out, considering their operating temperatures and the
required storage capacity. Moreover, a sensitivity analysis on the compressor and turbine efficiencies and on
the circuit pressure drop has been conducted. Finally, the overall performance indexes have been compared
with those found by using air as working fluid.

2. System Configuration

A schematic of the integrated PTES-CSP plant investigated in this paper is shown in Fig. 1. The two main
sections (PTES and CSP sections) use the same working fluid and share most of the plant components. In
particular, the PTES section operates with a closed loop reversed Brayton cycle while the CSP section
operates with a closed loop direct Brayton cycle. The aim of the two sections is to store the electricity surplus
of the grid and to produce electricity from solar energy, respectively. The energy sources of the two sections
are both characterized by fluctuations in their availability, due to the intermittent nature of the solar radiation
and the operating conditions of the grid and its requirements of ancillary services. To face this fluctuations
and to enhance the flexibility of the overall integrated plant (as designed, the two sections can operate
simultaneously or independently from each other), three TES systems are introduced: a high-temperature
TES (HT-TES) for dealing with the intermittence in 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) for the
proper operation of the PTES system. Due to the use of gaseous working fluids, a single tank thermocline
packed bed system is used for all the three TES sections. Granite pebbles are chosen as solid storage
media for the wide temperature range this material can operate and for its low cost. Moreover, the integrated
plant includes the solar field, a low-pressure (LP-C) and a high-pressure compressor (HP-C) as well as a
low-pressure (LP-T) and a high-pressure turbine (HP-T).



Fig. 1 — System configuration of the integrated PTES-CSP plant.

Furthermore, as shown in the figure, two heat exchangers, an electrical heater and several three-ways and
bypass valves are included in the system with the purpose of allowing the different operating modes. Fig. 2
shows the four operating modes of the integrated PTES-CSP plant. In fact, owing to the seasonality of the
solar energy availability, the CSP section would operate especially during summer and mid-seasons, with a
drop in the operating hours during winter. On the other hand, the operability of the PTES section should be
guaranteed throughout the year and independently from solar availability. The charging and discharging
phases of the PTES section without the contribution of the CSP plant are labelled mode A and B,
respectively. As depicted in the figure, the operation of the PTES section alone requires the use of the low-
pressure compressor LP-C, the low-pressure turbine LP-T and of the medium and low temperature TES
systems. During the PTES charging phase (mode A), the electricity surplus of the grid is used by the LP-C to
pressurize the working fluid with the consequent increase of both pressure and temperature. If required, an
electrical heater (EH) can be included to further increase the temperature of the working fluid. As discussed
in the following sections, this component is optional, and its introduction is a design choice. The working fluid
is cooled in the MT-TES, which increases its state-of-charge, and then in a water cooler (WCO1) until the
design turbine inlet temperature is reached. Subsequently, the working fluid expands in the low-pressure
turbine down to the minimum pressure of the cycle. Since the turbine outlet temperature is lower than the
design compressor inlet temperature, the working fluid is suitably heated up in the LT-TES. Consequently,
during the PTES charging phase 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 MT-TES. During the PTES discharging phase (mode B), the high temperature energy stored in
the MT-TES is used to heat the compressed working fluid before expanding in the turbine. In this case, the
EH and WCO1 components are not active while a second water cooler (WCO2) is required to reduce the
turbine outlet temperature of the working fluid down to the maximum temperature set for the LT-TES. The
thermal energy subtracted by the WCQO?2 is available for external uses while the working fluid cooling process
is completed by the LT-TES. The charging and discharging phases of the PTES integrated with the CSP
plant define the operating modes C and D, respectively. In particular, since the PTES charging phase occurs
during electrical energy overproduction periods, the delivery of power from the CSP section is not convenient
for both the plant owner, since the selling prices are usually low in these conditions, and 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 all the TES systems. Therefore, unlike the mode A, the compressed working
fluid is firstly sent to the solar receiver, where its temperature increases, before feeding the HT-TES. This
storage section is arranged to return the working fluid with a temperature equal to that set as the maximum
inlet temperature of the MT-TES. Then, the PTES section operates as explained for mode A. It is worth
noting that, in this operating mode, no electrical heater is required after the compressor.

Consequently, during the charging phase of mode C, 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.
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MODE A: PTES charging — CSP off MODE B: PTES discharging — CSP off
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Fig. 2. Schematics of the four operating modes defined for the integrated PTES-CSP plant.

The latter are also charged by using the thermal energy produced by the solar field. During the PTES-CSP
discharging phase (mode D), the high temperature energy stored in the HT-TES and MT-TES, together with
the energy produced by the solar field, is used to heat the compressed working fluid before expanding in the
turbines. The working fluid is heated up to the maximum temperature in the HT-TES system and/or in the
solar receiver before a first expansion in the high-pressure turbine. As a design choice, this first expansion is
arranged to have a temperature and pressure of the working fluid at the inlet side of the second expander
equal to that found in mode B. After this first expansion, the working fluid follows the same path of mode B.
During the operating phase, a share of the mass flow could be sent to the MT-TES instead of the CSP
section depending on solar availability and state-of-charge of the HT-TES, but this case is not considered.

3. Mathematical model

In this section, the mathematical models developed in MATLAB environment to simulate the main
components of the PTES-CSP plant and to calculate the main performance indexes are introduced.
Coolprop database [10] is used for the evaluation of working fluid properties.

3.1 Design-stage

During the design-stage of the PTES-CSP plant, the determination of the two thermodynamic cycles and the
sizing of the main components is carried out. In detall, in a first step, the operating pressure and temperature
under design conditions are defined for a given working fluid. A minimum cycle pressure of 0.5 bar and a LP
compressor inlet temperature of 300 K during charging phases (modes A and C) are imposed, while the
polytropic efficiency of the turbines and compressors is set to 0.90. Consequently, all the thermodynamic
states can be determined by setting three design parameters, namely, the pressure ratio of the low-pressure
compressor (B.p), the pressure ratio of the high-pressure compressor (8yp) and the maximum temperature
achieved in the solar receiver (Tyax)-
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Fig. 3 -Typical thermodynamic cycles followed by the integrated systems in the four operating modes.

Fig. 3 shows an example of the thermodynamic cycles followed in the four operating modes introduced in the
previous section. As can be observed, the four thermodynamic cycles are strictly connected and the
operating conditions under design conditions should assure constant temperature differences in the three
TES sections regardless the operating mode. This link among the two cycles is obtained by means of two
constraints: (1) the maximum temperature reached in the MT-TES (and, thus, the LP-T inlet temperature)
must be the same independently from the operating mode, which means that the maximum PTES
temperature (T3, = T35) must be equal to the HP-T outlet temperature (Tsp), and (2) the minimum
temperature reached in the HT-TES during charging mode (T,.) must be equal to the HP-C outlet
temperature (T5p), which constraints both the minimum LT-TES temperature (Tg, = Ty = T7¢c = Typ) and the
turbine inlet temperature during the two charging phases (Ts, = Ty¢). By introducing these constraints, the
design conditions of the PTES cycles are univocal, and they do not change regardless the contribution or not
of the CSP section.
The sizing of the main components can be carried out according to two main design parameters: the nominal
power of the integrated PTES-CSP plant (Wyzr) and the energy storage capacity of the system (Atrgs),
expressed in equivalent hours of operation of the plant under nominal conditions.
In particular, the mass flow rate of the working fluid circulating in the integrated plant (1) is calculated
according to the useful power produced during the operating mode D, as:
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where h is the specific enthalpy. The compressors are designed according to the power absorbed during the
compression phase of operating mode C, while the expanders are designed based on the power produced
during the operating mode D. In this preliminary analysis, it is assumed that the same machines are used
regardless the operating mode with a constant polytropic efficiency. Moreover, the study focuses on the
cycle assessment and therefore, mechanical losses, auxiliary consumption and solar field efficiency is
neglected.

3.2 TES model

As previously reported, the plant requires TES systems at three different temperature levels. Each TES has
to be sized to provide the required storage capacity At;gs. The stored energy (Ergs) is calculated as:

Ergs = My pCyr (TWF,max - TWF.min) “Atrgg 2

where ¢, is the average specific heat, while Ty, .., and Ty ..., are the maximum and the minimum fluid
temperatures inside each TES system, respectively. Starting from the energy stored, the theoretical tank
volume (Vrgs,), namely, the storage volume required if the entire packed bed is heated up from the minimum
temperature (Tyr min) t0 the maximum temperature (Ty rmqx), IS Calculated as follows:
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where ps and p,,» are the average densities of the solid media and working fluid respectively, ¢ is the
specific heat of the solid media and ¢ is the porosity of the bed, here assumed equal to 0.4. The tank is filled
by granite pebbles (ps = 2688 kg/m®), assuring a good compromise between cost, availability and
exploitability for a wide temperature range. The main thermal properties are temperature-dependent,
according to the correlations obtained from experimental tests [11] [12]. Since a thermocline must be kept
inside the bed, it is not possible to exploit completely the TES storage capacity. Consequently, for a given
storage capacity, a greater tank volume must be provided, and numerical simulations are required to
calculate the temperature profiles over time along the axis of the bed. The latter are determined by
simulating the thermal behavior of the TES system with a transient 1-D two-equation model that returns the
temperature profiles along the bed for both the working fluid (Ty) and the solid media (Ts) (a constant radial
temperature profile was assumed as the bed was considered homogeneous and isotropic) [13]:

T T
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EPwFCwWF T + pwrCwrl W = aAg(Ts — Twg) — UresAres(Twr — Tamp) (4)
JTs JTs
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where kg is the effective thermal conductivity that takes into account also the radiation contribute [14] within
the bed. Ag and a are the superficial area per unit of volume of the bed and the convective heat transfer
coefficient, calculated according to previous studies [15], Ugs is the overall heat transfer coefficient between
tank and environment (set equal to 0.3 W/m2K), A is the superficial area per unit of volume of the vessel
and T,y is the ambient temperature.

3.3 Performance indexes

Different indexes are defined and investigated to analyse the integrated PTES-CSP plant performances by
varying the main design parameters, such as the two pressure ratios and the maximum temperature. All the
performance indexes refer to nominal conditions, with a constant mass flow rate of the working fluid
regardless the operating mode. Consequently, the power ratios correspond to the ratios between specific
works. The cycle efficiency of the integrated PTES-CSP system during mode D (1) is the first performance
index. Since during mode C the solar section is only used to charge the HT-TES section without any
electrical power production, this index is defined as the ratio between the net power produced during the
operating mode D (I/,) and the thermal power introduced through the solar receiver (Qs):

% — (h4—D - h6D) - (hSD - th)
QS (h4D - h3D)

A second performance index is the charge-to-discharge efficiency of the integrated PTES-CSP section
(ncwp)- Since it is assumed that during mode D the system is completely fed by the TES system, this
efficiency is the ratio between the power delivered during mode D and the sum of the electrical power (W)
and thermal power absorbed during mode C to charge the three TES tanks:

Wy _ (hyp — hep) — (h3p — hyp)
W+ Qs (hye — hyc) — (hee — hye) + (hae — hye)

This index can be considered as a roundtrip efficiency of the integrated system, but it cannot be compared
with roundtrip efficiencies of other storage technologies since it includes a thermal input (Qs) that affects in
terms of energy amount and quality the energy flows during the charging phase. A third performance index
concerns the charge-to-discharge efficiency (n,-5) of the only PTES section (corresponding to the PTES
roundtrip efficiency), which is defined as the ratio between the electric power produced by the PTES section
during the discharging phase (mode B) and the electric power absorbed during charging phase (mode A):

Moy = Wy _ (hsp — hyp) — (hop — hyp)
BT Wy (haa — hya) — (hsa — hea) + (haa — hyp)

Mp =

(6)
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where the term (h;4 — h,,) refers to the power absorbed by the electrical heater, if present. Finally, a PTES-
to-CSP power ratio (y) is introduced to investigate the weight of the PTES section compared to the CSP
section. This ratio is defined as the ratio between the power produced by the PTES section (Wprgs,p) and the
power produced by the CSP section (W,sp p) during discharging phase (mode D):

y = WPTES,D _ (hsp — hep) — (hap — hyp)
WCSP,D (hap — hsp) — (hap — hap)

©)

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 are presented and discussed. Argon is chosen as working fluid, according to
[5,7], while pressure drops are assumed negligible. Fig. 4 shows the performance indexes defined in the
previous section as a function of the pressure ratio of both the LP and the HP compressor, by assuming a
maximum temperature at the outlet of the solar receiver equal to 1000 K. Fig. 4(a) shows the cycle efficiency
obtained during the operating mode D. As expected for a Brayton-Joule cycle, a rise in the performance
occurs with the increase of both B,, and Byp and, thus, with the increase of the overall pressure ratio,
although the benefits become more and more marginal with their increase. The index n, ranges between
0.30 and 0.70, values rather high due to the very low LP-C inlet temperature (below 200 K) thanks to the
presence of the LT-TES, which was charged during the operating mode C. Therefore, this performance
index gives important information about the conversion efficiency achievable by the integrated plant but does
not consider the performance of the system during the charging phase of the various TES tanks.
Subsequently, the charge-to-discharge efficiency of the integrated PTES-CSP plant, shown in Fig. 4(b), is
more explanatory of the effective performance obtained by the plant. As depicted in this figure, the benefits
in increasing Byp are reflected also on this performance index, while the effect of the LP-C pressure ratio on
the n._p is not significant. In fact, the benefits arising from the increase of the pressure ratio during the
discharging phase (mode D) are counteracted by a performance degradation during charging phase (mode
C), due to the increased weight of the irreversibility in the turbomachines with the rise of ;5. Fig. 4(c) shows
the charge-to-discharge efficiency of the PTES section without solar contribution (n,_5). This performance
index ranges between 0.10 and 0.62, increases with B, and reaches its maximum for a given value of gp.

0.8

0.6

(d) /BLP

Fig. 4 — Main performance indexes achieved by the integrated PTES-CSP plant as a function of the two
pressure ratios by assuming a maximum temperature of 1000 K.
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This behaviour is due to the temperature difference between the MT-TES inlet side and the LP-C outlet side
((T;4 — T,4) in Fig. 3). As mentioned, an electrical heater is used to increase the working fluid temperature up
to the required maximum temperature. However, this temperature difference and, thus, the contribution of
the electrical heater decreases with 8, p, up to the maximum PTES roundtrip efficiency, where T;, = T,, and
no electrical heating is required. A further increase of g, would result in a negative temperature difference,
with the corresponding requirement of a cooling system after the LP compressor (this operating condition
was not considered in this study). The value of §,, in which the maximum of the n,_ is achieved depends
on both fyp and Ty.x. For a given value of Ty 4%, the temperature T;, decreases with the rise in the HP-C
pressure ratio due to the two constraints introduced for the two thermodynamic cycles, and higher values of
B.p are required to avoid the use of an electrical heater.

On overall, the effect of the two pressure ratios is not univocal. The use of high B, is beneficial for both the
charge-to-discharge efficiencies analysed, but its benefits becomes more and more marginal with its rising.
Moreover, as shown in Fig. 4(d), the PTES-to-CSP power ratio could reach too low values and the
corresponding maximum pressure could be problematic for the design of the solar receiver and the HT-TES.
The trend obtained for n,_5 suggests to operate with high values of 8, leading also to an increase of the
PTES-to-CSP power ratio (see Fig. 4(d)), even if negative temperature differences between the MT-TES inlet
side and the LP-C outlet side may occur. The best compromise could be achieved by assuming no electrical
heater during design conditions: in this case the imposed S, depends on Byp and Ty 4x. A further element of
investigation concerns the operating conditions of the three TES systems. Fig. 5 shows the main
temperatures at the inlet/outlet of the three storage devices together with the mass flow rate circulating in the
power block. Fig. 5(a) shows the LP-T exit temperature (Tea), that is the LT-TES inlet temperature during the
discharging phase of the PTES section. Tea is the minimum cycle temperature and varies in the range 100-
300 K, with the lowest values obtained for high pressure ratios just above the boiling point of liquid argon for
the assumed minimum pressure (0.5 bar). Consequently, the storage of this cryogenic energy could be a
challenging task and could introduce a strong limitation in the choice of the design parameters. As shown by
Fig. 5(b-c), the effect of 8, on the LP-T inlet temperatures during the charging and discharging phases,
namely, Ts, and T, respectively, is minor (Ts,) or negligible (T5,), while these temperatures decrease with
Bup. The WCOL exit temperature (Tsa) is below 290 K for By higher than 4. This would require an
uncommon cooling system based on chillers with the subsequent increase of capital and operating costs.

400

Mass flow rate [kg/s]

(c) fLe (d) Be

Fig. 5 — Minimum temperatures required in the (a) LT-TES, (b) MT-TES and (c) HT-TES and (d) mass flow
rate circulating in the power block.
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It is worth noting that the temperature difference required in the MT-TES (that is Tsa-T4a) remains almost
constant (about 300 K) with the variation in the pressure ratios. Since T;, corresponds also to the minimum
temperature of the HT-TES, the increase of the HP-C pressure ratio also increases the temperature
differences at the HT-TES (the maximum temperature is constant), which ranges between 350K and 500 K.
Fig. 5(d) shows that, as expected, the increase of the two pressure ratios lead to lower working fluid mass
flow rates. Fig. 6 shows the effect of the maximum cycle temperature (set equal to 1000 K in the previous
analysis) and the LP compressor inlet temperature (previously set equal to 300 K), on the main performance
indexes. Fig. 6 refers to a ff;p equal to 4 to avoid an outlet temperature at the water cooler (WCO1) lower
than the ambient one and to a 8, suitable to avoid the presence of the electrical heater during mode A. As
shown in Fig. 6 (a) and (b), the main performance indexes remain almost constant with the variation of the
two input temperatures, due to the marginal variation of the specific heat with temperature of the working
fluid. On the other hand, y is strongly influenced by the two design temperatures. As shown in Fig. 6 (c), a
rise in Ty 4x results in an increase of y while an increase in the T, , strongly reduces both the LP compressor
pressure ratio and, consequently y. Therefore, to obtain a constant PTES-to-CSP power ratio, the increase
of 25 K in the T, , requires the simultaneous increase of about 80 K in the Ty ,x. Finally, the advantages in
increasing the T, , are shown in Fig. 6 (d): for a given rise in the T;4, a rise in the WCOL1 exit temperature is
observed, allowing the use of water as cooling fluid. An increase of the minimum temperature of the LT-TES
(Ts,) also occurs, reducing the potential issue concerning the storage of cryogenic energy.
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Fig. 6 - Main performance indexes achieved by the integrated PTES-CSP plant as a function of maximum
cycle temperature and LP compressor inlet temperature.

4.1 TES design

As demonstrated by the previous analysis, the choice of the main design parameters should be the best
compromise between the maximization of the performance indexes and the minimization of technical issues.
In particular, the latter are mainly related to the minimum and maximum temperatures reached by storage
materials, tank insulation losses and operating pressures of both solar receiver and HT-TES. A preliminary
design of the integrated PTES-CSP plant is reported in Table 1, while Table 2 reports the storage volume
required for the three storage tanks, in terms of theoretical (V;gs,) and actual vessel volume (Vygs,) 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 varies with the three storage systems
considered, the required volume is almost the same. As shown in Fig. 7(a), the specific heat of the granite
pebbles strongly increases with temperature, with a corresponding decrease of the storage volume. As
already mentioned, the need of keeping fixed temperatures at the inlet and outlet side of the packed bed
results from the presence of a thermocline inside the tank at the end of each cycle. By way of example, Fig.
7(b) shows the temperature profile of the MT-TES obtained after a fully charging and a fully discharging
phase, highlighting the useful storage zone as the area enclosed between the two temperature profiles
(possible hysteresis effects are not considered in this study).

Consequently, as reported in Table 2 the actual storage volume required by the three TES systems is about
three times the minimum storage volume, although a tolerance in outlet temperature of 20 K is imposed.

Table 1 — Preliminary design of the integrated PTES-CSP plant.

Design parameters Performance
LP compressor pressure ratio (8;p) 3.5 PTES-CSP cycle efficiency (np) 49.6%
HP compressor pressure ratio (8yp) 4 PTES-CSP charge-to-discharge eff. (n¢_p) 35.7%
Maximum Temperature (Tyax) 1000 K PTES charge-to-discharge efficiency (n,4-5) 52.3%
LP compressor inlet temperature (T;4) 350 K PTES-to-CSP power ratio (y) 0.700
LP compressor inlet pressure (p1,) 0.5 bar PTES nominal power 2.05 MW
Working fluid Argon  CSP nominal power 2.95 MW
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Fig. 7: (a) Specific heat and thermal conductivity of the granite pebbles over temperature and (b)
temperature profiles of the MT-TES at the end of the charging and discharging phases.

Table 2 — Main design parameters for the three TES systems of the proposed PTES-CSP plant.

Storage system AT [K] Vr5gse [M3 Vrgs, [M3 Diameter [m] Height [m]
LT-TES 162 330 884 15.0 5.0
MT-TES 280 254 938 15.3 5.1
HT-TES 392 211 832 14.7 4.9

4.2 Influence of turbomachinery efficiencies and pressure losses

A sensitivity analysis has been carried out to investigate the effect on the two charge-to-discharge
efficiencies of two important parameters, namely, the polytropic efficiency of compressors and expanders
and the circuit pressure drops. Fig. 8 shows the variation of the main performance indexes with the
polytropic efficiency (since this parameter is explanatory of the technology level of the turbomachines, no
difference among compressors and expanders is introduced) for different values of relative pressure drops in
given components (it is assumed that pressure drops are concentrated in the three TES systems and in the
solar receiver). As shown in Fig. 8(b), the turbomachines efficiency strongly influences the PTES roundtrip
efficiency. This fact, already demonstrated by other published papers [5,7], highlights the need of
compressors and expanders with a high technology level if competitive roundtrip efficiencies wants to be
achieved. Moreover, the design of the TES systems in terms of aspect ratio, bed void fraction, average
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pebble diameter should be optimized by considering the thermal performance of the TES, but also the
pressure drops introduced in the circuit. As shown in Fig. 8(a), the charge-to-discharge efficiency is less
sensitive to pressure losses if the plant operates in integrated mode, although a decrease of 5 percentage
points is observed by assuming relative pressure losses of 10% in the main plant component compared to
the case with negligible pressure losses.

4.3 Use of air as working fluid

The comparison in the use of air instead of argon as working fluid is shown in Fig. 9, by assuming a
maximum temperature of 1000 K and a LP-C inlet temperature during charging phases (modes A and C) of
300 K. In particular, Fig. 9(a) shows the variation of the charge-to-discharge efficiencies with and without the
CSP contribution as a function of the PTES-to-CSP power ratio. As can be observed, slightly variations in
the performance indexes are achieved by using air instead of argon, with a minor increase in the n._p, but a
simultaneous slight decrease in the n,_5. However, the use of air leads to higher values of y, which means
that the nominal power of the PTES section is equal or even higher than the CSP plant one, even if the use
of air leads to lower efficiencies. Moreover, values of y higher than 0.75 are not achievable with Argon since
the minimum temperature in the LT-TES reaches its liquefaction temperature. On the other hand, the
minimum values of y reached by using air are higher than 0.25, instead of values around 0.1 achieved by
using Argon, which are also characterized by the maximum performance indexes. Another important
difference concerns the pressure ratios required to obtain given values of y. As shown by Fig. 9(b), higher
pressure ratios are required by air to reach a given PTES-to-CSP power ratio. This can be a challenging
issue for the design of both solar receiver and HT-TES system, which would operate with pressures higher
than 50 bar. The higher specific heat of air results in a decrease of the temperature differences required in
the TES systems, with a consequent increase of the minimum temperature observed in the MT and LT-TES
and, at the same time, the possibility of operating with higher 8, and, thus, achieving higher y.
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Fig. 8 -Effect of compressor and turbine polytropic efficiency and TES pressure losses on the charge-to-
discharge efficiencies.
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Fig. 9 — Comparison in the achieved performance indexes and required pressure ratio in function of PTES-
to-CSP power ratio by using air or argon as working fluid.
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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 system uses argon as working fluid and
includes three different TES systems. Specific mathematical models were developed to simulate the PTES
and CSP sections 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 demonstrates
that the operating parameters and the constraints introduced to connect the two main sections strongly
influence the integrated plant performance and in particular the charge-to-discharge efficiencies. On overall,
the use of high-pressure ratios is beneficial for the charge-to-discharge efficiencies, even if the benefits
become more and more marginal with the rise of the pressure ratio. Moreover, too high operating pressures
could be detrimental for the design of the solar receiver and the high temperature storage tank. The inclusion
of an electrical heater after the LP compressor improves the flexibility of the integrated system, but, as
expected, it results detrimental from an energetic point of view. The low temperature TES operates under
cryogenic conditions, but an increase in the minimum temperature can be achieved by increasing the inlet
temperature of the LP compressor. A feasible design of the PTES-CSP system with a rated power of 5 MW
and 4 hours of storage capacity was then proposed, achieving a PTES-CSP charge-to discharge efficiency
of about 36%. On the other hand, since all the plant components should frequently operate far from their
nominal conditions (due to fluctuation on both storage service requirements and solar energy availability),
the actual capabilities of the integrated system should be investigated during operating conditions. For this
reason, the development of specific mathematical models for investigating the plant performance under off-
design conditions, as well as the study of suitable control strategies for the optimum management of the
integrated plant, are currently under development for future works.
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