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An Innovative Calcium Looping
Process as Energy Storage System
Integrated With a Solar-Powered
Supercritical CO,> Brayton Cycle

Salvatore F. Cannone ™, Andrea Lanzini? and Stefano Stendardo?

" Energy Department, Politecnico di Torino, Turin, ltaly, 2 ENEA, Italian National Agency for New Technologies, Energy and
Sustainable Economic Development, Rome, ltaly

Coupling solar thermal energy with the hybrid TC/CG-ES (thermochemical/compressed
gas energy storage) is a breakthrough option used to overcome the main challenge
of solar energy, i.e., intermittent resource and low density. This paper proposes
an innovative storage system that improves the competitiveness of solar thermal
energy technologies compared to conventional fossil-based power plants, potentially
leading to deep decarbonization of the energy and industrial sectors. This study uses
thermochemical energy storage based on the calcium looping (Cal) process and takes
advantage of a number of factors: high energy density (2 GJ/m?3), absence of heat
loss (seasonal storage), high operation temperature (high efficiency of the power plant),
and use of cheap and environmentally friendly reactant feedstock (CaO/CaCQOg). This
work deals with the integration of the solar Cal storage system with an unconventional
supercritical CO» (s-CO») Brayton cycle. We analyze different s-CO» Brayton cycle
layouts suitable for direct integration with the storage system. Energy integration via
pinch analysis methodology is applied to the whole system to optimize the internal heat
recovery and increase the efficiency of the system. A parametric study highlights how
the integration of solar Cal with an intercooling Brayton cycle shows better results than
the combination with the Rankine cycle that we investigated previously, resulting in net
and global system efficiencies equal to 39.5 and 51.5%. Instead, the new calculated net
and global system efficiencies are 44.4 and 57.0%, respectively, for TC-CG-ES coupled
with the Brayton power cycle.

Keywords: energy storage, calcium looping, thermochemical/compressed gas energy storage, CCU,
concentrated solar power (CSP), solar thermal energy, supercritical CO, Brayton cycle

INTRODUCTION

The main possible solutions to decouple CO, emissions from economic growth are (i) switching
to a low carbon economy, (ii) increasing system efficiency, and (iii) implementing carbon capture
utilization and storage (CCUS) technologies to allow a gradual transition from fossil fuels to other
more sustainable or renewable fuels. Conventional fuels produce a great quantity of greenhouse
gas (GHG) during their combustion. In addition, they are also limited resources, which translates
into a volatile market with daily price changes. Therefore, renewable energy is less harmful to
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the environment and ensures greater safety in the electricity grid.
Solar energy is one of the most feasible energy sources among all
renewable sources because it is low cost and potentially largely
available (Islam et al., 2018).

The “Sun Belt” region (i.e., North Africa, the Mediterranean
region, and vast areas of the United States) receives high
yearly solar irradiance and specifically direct normal irradiance
useful for concentrated solar power (CSP) plants (Wang,
2019). One of the most promising technologies is the solar
tower power (STP) plant. STP plant consists of many sun-
tracking mirrors (heliostats), which concentrate the solar
irradiation onto an absorber, called a receiver, usually located
atop a tower. The concentrated radiation is transformed
into heat that is transferred by the heat transfer fluid and
used to produce electricity. There are many different receiver
technologies (e.g., gas, liquid, and solid particle receiver), which
work with varying shapes of receiver and heat transfer fluid
(Ho and Iverson, 2014).

Several large plants with a capacity between 100 and 200 MW
are in operation (Teske et al., 2016). Among the plants
constructed, the Ivanpah Solar Electric Generating System stands
out for larger gross capacity (392 MW), located in California,
USA (Islam et al., 2018).

Concentrated solar power strongly depends on weather
conditions and, more specifically, on the availability of direct
sunlight. Therefore, a cheap and efficient energy storage system
is needed to fit the mismatch between discontinuous renewable
energy supply and demand and to boost the capacity factor of
CSP and solar thermal energy technologies (Denholm et al., 2010;
McPherson et al., 2020).

A large number of thermal storage technologies have been
developed for medium- and high-temperature CSP plants to
increase the operational time of the CSP and its capacity factors
and guarantee system continuity: (i) sensible thermal energy
storage (STES), using high specific heat capacity materials such
as molten salt systems or conventional direct steam storage
(Aggarwal et al., 2021); (ii) phase change materials (PCMs) have
high heat fusion and phase change temperature (Prieto and
Cabeza, 2019); and (iii) thermochemical energy storage (TCES)
(Pardo et al., 2014).

A conventional STES consists of two tanks of molten salt
based on nitrate (60% NaNO3-40% KNOj3) with hot and cold
temperatures between 565 and 290°C and has a storage capacity
of 0.731 GJ/m® (ENEA, 2001). Latent energy storage has the
advantage of providing heat at a constant temperature; carbonate
salts (e.g., LiyCO3) have a high fusion temperature of 726°C with
a storage density of 1.34 GJ/m> (N. P. Siegel, 2012). However,
both sensible and latent heat storage systems interact with the
external environment, losing part of the stored heat. The stored
hot salts can supply sufficient heat to produce steam and generate
electricity for hours reaching power plant efficiency from 20 to
35% (Islam et al., 2018).

TCES storage avoids heat loss, producing stable chemical
materials under favorable thermodynamic conditions. It uses
heat provided by an external source to drive an endothermic
reaction and stores them at ambient temperature. The heat
necessary to produce electricity is supplied by an exothermic

reaction between compounds whenever CSP cannot provide the
energy required.

Unlike TES, electric energy storage can also store renewable
energy and generate additional electricity when RES is not
available. Compressed air energy storage (CAES) is another
interesting solution. Air is compressed at the storage energy
process and expanded into the Brayton cycle when energy is
needed. If the air at high pressure (almost 40 bars) is heated
to 470°C before the expansion, this system can reach an energy
density of 0.39 MJ/kg (Giovannelli et al., 2020).

The present manuscript focuses on the integration of
thermochemical energy storage (TCES) and compressed gas
energy storage (CG-ES) in the CSP power plant. Thermochemical
storage based on the CaL process has an energy density between
two to five times higher than PCM and STES systems (3.2 GJ/ m?),
and the heat of reaction is discharged at a constant reaction
temperature (lower than 895°C at atmospheric pressure) (Kyaw
et al., 1996). Furthermore, this technology can be considered
seasonal storage, unlike the others, used more as daily or
weekly storage.

CalL is a cyclic chemical process that includes two reactions
(Shimizu et al., 1999): (i) calcination of CaCOs3 as reported in
Equation 1 and (ii) carbonation of CaO as reported in Equation 2.

k
CaCO3 — CaO + CO, AHY%gx = +1821L (1)
mole
0 kI
CaO + COy — CaCO3 AHgg = —182.1 )
mole
The CaL process is gaining considerable interest as a

thermochemical energy storage process (Bailera et al., 2020;
Karasavvas et al., 2020). As shown in the above equations, in
the CaL process, calcination is the endothermic reaction, while
carbonation is the exothermic one.

The calcination reaction of the spent sorbent occurs at a
high temperature (*900°C) (Stanmore and Gilot, 2005) with
a CO; partial pressure of 1 bar. Several strategies are used to
reduce the calcination temperature of calcium carbonates, such
as the dilution of COy, easily detachable with steam or helium.
Indeed, if we reduce the partial pressure of CO,, the temperature
necessary to regenerate the spent sorbent, i.e., CaCO3, decreases
(Stanmore and Gilot, 2005).

Calcium oxide is a mineral that can be easily obtained
from abundant natural materials (e.g., limestone, dolomite); it
is harmless toward the environment and humans, with several
outlet markets for spent materials (e.g., iron, steel, and cement
industries). Due to its wide availability, CaO has a low market
price [9 €/ton dolomite (Ortiz et al., 2017)], and commercial
limestone rock generally contains more than 90% of calcium
carbonate (CaCO3).

Although naturally occurring Ca-based materials are
attracting significant attention as CO, acceptors for economic
reasons, the rapid decay over cycles in their CO, uptake capacity
makes their use unsuitable. This loss of reversibility is due
to the thermal sintering of CaO, resulting in a reduction of
surface area and pore closure (Anthony, 2011). Thus, several
strategies to avoid the fast decay of CO; capture capacity have
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been proposed, such as thermal pretreatment of naturally
occurring carbonates (Stendardo and Foscolo, 2009) and
synthetic Ca-based sorbents by incorporating inert support
material (Broda and Miiller, 2014).

Many researchers have studied the CaL process as energy
storage integrated with a different external source. Hanak and
Manovic have compared the s-CO; cycle and conventional steam
cycle combined with CaL to capture CO, from a coal-fired
power plant. The CO, was captured in the carbonator reactor
operating at 650°C, while the CaCOj3 produced was regenerated
in a calciner at 900°C. As a result, the net thermal efficiencies for
a Cal retrofit using the s-CO; cycle and supercritical steam cycle
are 31.6 and 30.6%, respectively (Hanak and Manovic, 2016). An
extensive review of the state of the art on the integration of a
CSP plant with the CaL system was written by Ortiz et al. (2019).
Several integration schemes are summarized from the literature:
(i) an open-air Brayton cycle, in which the air at the outlet of a
carbonator reactor (direct cycle) is expanded directly in the main
turbine, reaching a plant efficiency equal to 43.7% with a CaO
conversion (X = 0.2) (Edwards and Materi¢, 2012); (ii) a closed
CO; Brayton cycle, in which the unreacted CO;, heated in the
carbonator, is delivered in a gas turbine, achieving an efficiency
between 44 and 46% with X = 0.5 (Alovisio et al., 2017); and (iii)
an indirect recompression s-CO; Brayton cycle analyzed by Ortiz
et al. (2017) and Tesio et al. (2020) able to achieve an efficiency
equal to 32 and 40.4%, respectively, with X = 0.5.

Nevertheless, the direct expansion of CO; at the exit of the
carbonator reactor is not recommended because it may contain
solid particles that would damage the blades of the turbines
downstream. In the last work, we have performed a conventional
Rankine cycle integrated by a solar calciner to improve the
efficiency of the system (Cannone et al., 2020). As a result, net
electric efficiency and gross (electric and thermal) efficiency were
estimated, respectively, equal to 39.5 and 51.5%.

This work has explored a novel power plant, integrating the
CalL process to a closed s-CO, Brayton cycle assisted directly by a
solar calciner. The greatest novelty is given in the transformation
of a plant usually used only for the production of electricity,
into a trigeneration system. In fact, the CO, produced in the
calciner and stored in a tank is used to produce heat provided to a
district heating network, while that taken from the high-pressure
storage system is used to produce electricity and supply cold to
a district cooling network. The use of a solar calciner reactor
integrated with the optimized intercooling s-CO; Brayton cycle
allowed us to reach a net efficiency equal to 44.4% and a global
system efficiency equal to 57.0%. The process configuration
contains both the storage and power islands, and it is explained in
Process Configuration Section. The methods and equations used
in the optimization process are shown in Methods and Equations
section. We have investigated four different configurations of
the s-CO; cycle (Modeling Approach of s-CO2 Brayton Cycle
Section), and the best performing one was chosen in Results of
the Parametric Analysis Applied to the Power Island Section.
We have used the pinch analysis methodology explained in
Pinch Analysis Applied to the CaL System Section to optimize
the integration system (the results are shown in Results of the
Pinch Analysis Applied to the Storage System section), and

the sensitivity analysis, illustrated in large part of Methods and
Equations section, explores the effects of main parameters on the
plant performance (Results of the Parametric Analysis Applied
to the Storage System and Results of the Parametric Analysis
Applied to the Overall System sections).

PROCESS CONFIGURATION

This section describes the process configuration of the indirect
integration between the CaL and s-CO, Brayton cycle power
plant schematized in Figure 1. Several heliostats collect solar
radiation to beam down the central reflector and then into a
solar calciner receiver. The solar calciner receiver is a solid
particles fluidized bed operating in an anhydrous environment.
The optical losses increase using a secondary mirror, but thermal
losses drop down, and as a result, high temperature can be
reached (T =~ 950°C). With this configuration, the solar calciner
receiver is located near the floor, reducing the problems of
mechanical strength of the structure (Segal and Epstein, 1999;
Chirone et al., 2013; Siegel and Ermanoski, 2013; Matsubara
et al, 2014). In this reactor, solar energy is (i) gathered via
decomposition of CaCOs3 in CO; and CaO and (ii) stored as their
chemical potential. For simplicity, all the energy gathered by the
CSP is stored by the CaL system, and therefore, only the hot CO,
outgoing the carbonator reactor provides heat to the power block.
The fluctuations of solar energy stored in chemical products can
be used to generate heat and electricity with zero CO, emissions
via the s-CO, power cycle. As a result, the problem of dispatching
and intermittency of renewable energy can be solved.

The commercial software ChemCAD™ was used to model
and simulate the optimized s-CO; Brayton cycle, the CaL storage
system, and their integration. This software is used to solve
the mass and energy balances of the complex systems, provide
an extensive database of chemical components, and simulate
chemical reactions. A steady-state ChemCAD™ model was
assembled. At the same time, the commercial EES software was
used to resolve the equations of state and simulate the different
Brayton cycle configurations.

CaL Process Description

The charging process takes place in the calciner reactor. Calcium
carbonate and unreacted calcium oxide leaving the carbonator
are stored at ambient conditions. When the solar calciner is fed,
CaCOs3 and CaO leaving the storage sites are preheated via a
heat-exchanger network (HEN1) by the hot products (i.e., CaO,
CO3) leaving the calciner. Here, the endothermic reaction occurs
at high temperature (950°C) under a partial pressure of CO,
of approximately 1 bar utilizing solar energy input. The solar
calciner is a fluidized bed where the fluidizing agent is a pure
stream of CO;, and the solid bed is mainly composed of CaCO3
and CaO. The endothermic reaction decomposes the reactant in
carbon dioxide and calcium oxide. The solid product is cooled
down and stored at ambient temperature to avoid heat losses.
CO, stream provides heat to the reactants, and it is compressed
via the storing compressor (SC) at supercritical conditions
(75 bars) and directed to a storage tank at ambient temperature.
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FIGURE 1 | Integrated solar calcium looping (IS-CaL) with direct calcination reaction in the solar calciner. The spent material flows into the solar calciner, a solid
particle fluidized bed reactor with CO», to store solar energy through sorbent regeneration. The compounds, produced at high temperatures, provide heat to the spent
sorbent in the heat exchanger network, and then they are stored at ambient temperature to avoid thermal losses. Regenerated sorbents are preheated in HEN2, and
the exothermic reaction occurs in the carbonator reactor providing heat at high temperature to a power cycle.

Details of the SC component and the district heating network are
provided in Supplementary Material Section 1.1.

CO; stored at supercritical conditions passes through the
recovery expander (RE), reducing its pressure until carbonator
pressure. Details of the RE component and the district cooling
network will be given in Supplementary Material Section 1.1.
The hot products (CaCO3 and unreacted CaO) leaving the
carbonator reactor preheat the reactants, coming from their
storage sites, via a heat-exchanger network (HEN2), and are
stored at ambient conditions. The preheated reactants are sent
into the reactor, and the exothermic reaction releases the heat
required to produce the hot transfer fluid (HTF) stream CO prr
feeding the power unit. The storage sites (i.e., CaO silo and
CO; tank) have been sized in order to keep power production
continuous (see later for the details). Figure 1 illustrates the
TC/CG-ES that comprises the (i) calciner, (ii) storing compressor
with heat recovery (SC), (iii) turbo expander (RE) for cooling
recovery, and (iv) carbonator. In this mechanical and chemical
system, CO; is used both as working and reacting fluid: it is
compressed in SC, expanded in RE, and applied for storing and
releasing the energy into the two main reactors.

During the discharging process, a hot stream (i.e., CO2nTF)
leaves the carbonator, providing power heat to the working fluid
of the Brayton cycle, as shown in Figure 1.

Power Island: s-CO, Brayton Cycle
The s-CO; Brayton cycle is integrated into the STP, replacing
the current water-steam Rankine cycle analyzed in our previous

work (Cannone et al., 2020) and the air Brayton cycle (Bryner
et al, 2016). The CO, acts as heat transfer fluid and the
working fluid as well. The use of supercritical CO, allows us
to pump a fluid that is in the incompressible fluid state, thus
saving electric power. Supercritical CO; has both the advantages
of high density as liquid and can reach high temperatures
as gases.

CO; critical condition is 30.98°C and 7.38 MPa, and the
fluid becomes more incompressible near this point (IEA and
Woodhill, 2002). The compactness of the s-CO, Brayton cycle
is mainly due to the minimum system pressure set above
7.38 MPa compared to the minimum pressure of the Rankine
cycle of a few kPa. Therefore, the fluid density is always high,
and the volumetric flow rate is lower. The drawback is that
the pressure ratio of the turbine is small, and a large amount
of heat must be recovered from the hot gas at the outlet of
the turbine.

Several s-CO, Brayton cycle configurations have been
proposed, such as simple recuperation cycle, intercooling cycle,
reheating cycle, precompression cycle, recompression cycle, and
preheating cycle (Ahn et al., 2015). Their performances are
evaluated as a function of the turbine inlet temperature (TIT)
and optimizing other cycle parameters such as flow ratio of the
separator or the turbine inlet pressure, usually setting at 250 bars
(Binotti et al., 2017).

The s-CO, Brayton cycle mainly consists of three
components: heat exchanger, compressor, and turbine. The
different numbers of those components, the different ways
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to connect theme, and the number of split and reconnection
produce several cycle configurations. Two types of heat
exchangers are used:

- One exchanges energy between the working fluid and an
external heat hot/cold source.

— The other exchanges energy between hot and cold
streams of the working fluid, and they are called recovery
heat exchangers.

The first heat exchanger consists of a precooler, intercooler,
heater, and possible reheater. The use of a reheater is avoided to
get a more compact power unit. Contrariwise, in the precooler
and intercooler, the working fluid rejects heat to the sink to obtain
a specified compressor inlet temperature.

The recovery heat exchangers are critical. They are essential
for achieving high system performance due to the small pressure
ratio and larger outlet turbine temperature. However, attention
must be paid because the two fluids often reach pinch-
point temperatures.

METHODS AND EQUATIONS

Each component works at a steady-state condition and
only thermodynamic equilibrium has been considered. The
Soave-Redlich-Kwong (SRK) equation of state is used in
both the K-values model and enthalpy model. We have
neglected pressure and heat losses into each component,
except for the carbonator reactor, in which about 1.5% of
the heat produced by the exothermic reaction is lost. The
carbonator and calciner are modeled as Gibbs reactors
in which chemical and phase equilibrium through the
free energy minimization at the operating temperature
is reached.

We have assumed a complete regeneration of calcium
carbonate in the solar calciner. In contrast, the sorbent is
supposed to not achieve a complete conversion of CaO into
CaCO3 (X < 100%) due to the diffusional resistances during
carbonation. In addition, we supposed that the CaO sorbent
deactivates at a large number of carbonation/calcination cycles.
The CaO conversion is set at 70% (Chen et al., 2012), and the
make-up flow is considered negligible, as reported elsewhere
(Cannone et al., 2020).

In this work, we do not want to design the component
of the system aimed at economic analysis, but we want
to evaluate the thermodynamic efficiency of the optimized
system. Therefore, we have assumed constant the heat required
by the power block; instead, the solar multiple (ie., the
ratio of the solar thermal power to the power block design
thermal input) varies to completely regenerate the material.
Both Brayton cycles and CaL systems were simulated through
several components such as reactors (carbonator and calciner),
flow mix and splitter, turbines, compressors, pumps, and
heat exchangers (e.g., solid-solid, gas-solid, gas-liquid, and
gas-gas). In the model, each counterflow heat recovery
exchanger heats up to a minimum temperature difference
of 20°C.

Modeling Approach of the s-CO, Brayton
Cycle

This section aims to present a systematic performance
comparison of s-CO; Brayton cycles with different layouts. Four
cycle layouts (simple regeneration, recompression cycle, partial
cooling cycle, intercooling cycle) are considered integrated into
the CaL solar power plant and are illustrated in Figure 2.

The simple s-CO; Brayton cycle was very inefficient because a
large amount of heat could not be recovered and lost due to high
outlet turbine pressure. Therefore, a first simple regeneration (5)
was adopted (Figure 2A). Nonetheless, the significant difference
in the heat capacity between high-pressure and low-pressure
streams causes a limited recovery due to the temperature pinch-
point problem.

The pinch-point problem mentioned above was avoided
through the recompression cycle configuration in Figure 2B.
Heat recovery was divided into low-temperature heat recovery
(LTHR) and high-temperature heat recovery (HTHR). The
recompression Brayton cycle reduces the mass flow rate of the
high-pressure stream in the LTHR by splitting the low-pressure
stream in two fluids. One stream flows onto the precooler and is
pressurized onto the main compressor (MC). The second stream
enters the recompressor (RC) at a higher temperature than usual,
is compressed until the turbine pressure design, and mixes with
the first stream at the inlet of the HTHR. The recompressor is less
efficient because the inlet fluid is hot.

Figure 2C illustrates the partial cooling s-CO; Brayton cycle
and the T-s diagram, respectively. Conversely, to the previous
configuration, in this cycle, an intercooling is added. Usually,
intercooling is used to reduce the compression work of the cycle.
The compression is divided into two stages by the intercooler. At
first, all the low-pressure exhaust stream is cooled in the precooler
and then enters the low-pressure compressor [precompressor
(PQC)], where it is compressed at an intermediate pressure.

At the exit of the PC, the flow is split. One stream flows into
the intercooler and main compressor, the other flows directly into
the RC. The electricity consumed by the RC is lower than the
cycle in Figure 2B because the fluid is preliminarily cooled in
the precooler. The presence of the intercooler also reduces the
compression work of the MC.

The last cycle investigated is the intercooling s-CO, Brayton
cycle. In this configuration, the precooler unit is after the split
located downstream LTHR. As shown in Figure 2D, the RC
receives a relatively hot fluid (point 3 in the T-s diagram) and
operates at the same pressure ratio of the turbine.

We have used four key parameters to optimize each cycle: TIT,
compressor inlet temperature (CIT), split ratio (SR), and the ratio
of pressure ration (RPR).

The RPR is a parameter used to evaluate the intermediate
pressure of partial cooling and intercooling s-CO; Brayton cycles.
The RPR is defined as:

Prax -1
Pintermediate

Prax __
Prin 1

RPR = (3)
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FIGURE 3 | Molar and energy balance of the calcium looping process. On the left side, in the calciner, solar energy is collected and stored in chemical compounds;
on the other side, CaO and CO» react into the carbonator reactor. The heat of the exothermic reaction is transported by the CO» used as HTF to the power block.
Adapted with permission from Cannone et al. (2020). Copyright 2021 American Chemical Society.

The SR is the simple ratio between the mass flow rate into the
central compressor (riysc) over the total mass flow rate of the
cycle ().

SR=—"= (4)

The cycle efficiency is the objective function to maximize, and
it is calculated in the following equation. W, is the net power
of the plant, while @, is the heat power provided by the CalL
storage system.

Wnet
= — 5
Neycle ®, (5)
The main parameters used for efficiency evaluation
and parametric analysis performance are listed in
Supplementary Table 1. The analysis was performed at

steady-state conditions, neglecting pressure and heat loss in all
system components. We have performed the golden section
method (Lindfield et al., 2012) as a direct optimization process.
The objective function is iteratively calculated for various values
of the independent variables.

All of the heat exchangers in the power cycle (i.e., heater,
high- and low-temperature heat recuperators) are considered
counterflow heat exchangers. The general thermal power balance
equation for each heat exchanger and the electrical power
equation for both compressors and turbine are calculated by:

b; = my - (hh,in,i - hh,out,i) = - (hc,out,i - hc,in,i) (6)
Wi = 1+ (hini — hout,i) (7)

In Equation 6, @; is the thermal power exchanged; #1;, and 7,
are the mass flow rates of hot and cold streams, respectively;
hpin; and hy o, ; are the enthalpy of the hot fluid at the inlet
and outlet states, respectively; and hgj,; and hgu; are the
enthalpy of the cold fluid at the inlet and outlet states of the
heat exchanger, respectively. On the contrary, in Equation 7, the
term W; represents the electrical power generated in the turbine

(if W; > 0) or required in the compressors (if W; < 0), m
is the mass flow rate into the component, while hj,; and hg;,;
are the enthalpy of the fluid at the inlet and outlet states of the
compressor or turbine, respectively.

The net power of the plant (W) is expressed by Equation
8, while the mixing process of s-CO, at stage 6 for the
recompression cycle (see Figure 2B) and stage 8 for both partial
cooling and intercooling cycles (see Figures 2C,D, respectively)
are shown in Equation 9.

N
Whet = Z Wi (8)
i=1

he = SR- hy + (1 —SR) - hy
hs = SR- hy + (1 —SR) - hy )

Modeling Approach of the CalL Storage
System

We have conducted the storage tank volume dimensioning
starting from the balance of the molar flow rate in both main
reactors, as shown in Figure 3.

During the storage process, the solid stream (hsulidsmlc)
composed of calcium carbonate (r'tcaco3 m,c) and unreacted
calcium oxide (f1c40,unr, cale) €nters into the calciner reactor.
A solar calciner is a fluidized bed reactor in an anhydrous
environment (#1¢co, fuid is the fluidizing agent) at 950°C and
1 bar. Calcium carbonate is decomposed through endothermic
reaction, driven by solar energy, in calcium oxide (#1cq0,,,) and
carbon dioxide (ﬂcoz mlc)' The two products of the reaction
are cooled and stored at ambient temperature, while CO, is
pressurized until the supercritical condition (75 bars).

Asolidsege T MCOy gia = MCaOpgye T 1CO; garc
+nco, fluid (10)

hsolidsmlc = hCuCO; cale + hCaO,unr,calc (11)

On the other side, during energy release, the two reactants are
sent to the carbonator reactor. The carbonator reactor works at
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720°C and 2 bars, and it is fluidized by carbon dioxide. Carbon
dioxide (ficoz HTE ) has two functions: it fluidizes the reactor and
transfers heat to the power block. In the carbonator reactor, the
calcium oxide (r'zc,lomb) and carbon dioxide (hcoz Cmb) react,
releasing heat at high temperatures. Part of calcium oxide does
not react due to the behavior of the material discussed in the
previous section. A stream of solids (hsolidsm,b) exits from the
carbonator reactor and, after cooling process, is sent to storage.
The solids stream is composed of calcium carbonate (n¢4co, )
and unreacted calcium oxide (r'zc“o,,mr )

hcaocurb + hCOZ carb + hCOZ HIF 7 hsglidscarb
+ 11C0, e (12)

hsolidscarh = hCaCO3 carb + hCaO,unr (13)

The main features of the material are the complete regeneration
of the spent sorbent via calcination reaction and, otherwise,
the partial uptake of CO, along with the carbonation reaction.
Therefore, the most critical parameter is the average CaO
conversion (X) in CaCOj3 in the carbonator during heat release.
This parameter quantifies the amount of calcium oxide which
reacts with CO; during carbonation reaction and is defined in
Equation 14.

hCaCO; carb

X = (14)

ncaocarb

The molar balance around the storage system has been
considering a full day. Indeed, the carbonator reactor works
every day for a 24-h span providing the heat required to the
power plant. Instead, the calciner reactor works during sunlight
considered for 8 h a day, and all the spent material has to be
regenerated, as shown in Equation 15.

24 8
f ids . () dt = f icao, (8) dt (15)
0 0

The storage volumes are computed starting from the molar
flow rate enough to drive the carbonation reaction when
solar energy is not available, and they are calculated with the
following equation:

16 ;i 1) - MM
‘/j :/ Jcarb () ) dt (16)
0 Pj

Where:

-V is the volume storage tanks (m?),

- nis the molar flow rate (kmol/s),

- MM is the molar mass expressed in (kg/kmol),

- pis the density (kg/m?),

- dt is the time defined between 0 and 16 h corresponding on
daytime without sunlight, and

- jis one of the following streams: solids leaving the carbonator,
calcium oxide, and carbon dioxide both leaving the calciner.

The first law of thermodynamics is applied in each reactor, paying
attention to the chemical reaction. At first, it is necessary to

define the extent of reaction in Equation 17, which represents the
completion degree of reaction (e.g., ¢ = 1, the reactants react
completely, while ¢ = 0, if the reaction does not occur).

Miout — Mijin

&= ——"— (17)
Vi

Where:

- ¢ is the extent of reaction [mol],

- v; is the stoichiometric coeflicient of component i (v; > 0 for
products, v; < 0 for reactants, and v; = 0 for inerts),

— Mjout — Nijn is the molar of component i that reacts in the
reactor, and

- iis the compound between calcium carbonate, calcium oxide,
and carbon dioxide.

The energy balances of both reactors are summarized in the
following equations for the calciner reactor (Equations 18, 19)
and carbonator reactor (Equations 20, 21).

100, iz cale * | hco,HTF (Teale) — heoyrte (Tin) |

+’;’501idsmlc : [hsolidsmlc (Teate) — hsolidsmlc (Tin)]
+ecalc AHreact (Teale) = Pcsp (18)
1caco t — NCaCO; i
Eeale = alUsz gqic0U atUs gqjcln (19)

VCaCOs
(€0, yrp carb + 7105 carb) + [hco, (Tearb) — heo, (Tco, in)]
+7.1Ca0m,;, ' [hCaO carb (Tcarb) - hCuO carb (TCaO in)]

+écarb AHreact (Tcurh) = Dearp (20)
1Ca0,ypout — NCaO i
Eearh = AUcqrpol AU cqrpint (21)
VCaO

The heat of the reaction function of temperature is defined
as follows:

Treact
AH eact (Treact) = AHreqct + Z Vi - / cpi (D) T (22)
i Tref

1

Figure 3 illustrates the molar and energy balances of the
CalL system.

In addition, we have analyzed the influence of the key
performance indicators (KPIs) on the efficiency of the system to
set up the best operating conditions. The KPIs considered for
the storage system are the carbonator temperature, carbonator
pressure, and CaO conversion.

Several efficiencies focused on the storage system are defined
below to compare its performance at different values of KPI. The
three efficiencies move from considering the simplest thermal
energy to the total energy produced and required by the Cal
storage system, including mechanical energies and energies
provided to the district network.

— The thermal storage efficiency (TSE) is focused only on
CaL storage. It is defined as the thermal energy released
by carbonation reaction over the energy input to drive the
calcination reaction over a 24-h full day. Thermal storage
efficiency does not consider the mechanical power to store
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the carbon dioxide at high pressure and expand it to
carbonator pressure.

nTSE = M (23)
Qcsp
- The storage efficiency (SE) considers the

thermochemical/compressed gas energy storage efliciency.
Therefore, it is defined as the ratio between the heat released
by carbonation reaction plus the expansion work of the CO;
stored at high pressure to the heat stored in solar calciner
plus the compression work to save the CO, produced by
calcination reaction over 24 h.

Qcarbonator + LCOz,expansion
NSE =

(24)
Qcsp + LCOg,compression

- The storage and recovery efficiency (SRE) considers the whole
energy parameter of the storage system, including the energy
to DCN and DHN and the power required to pump the
cooling fluid into the storage side over a 24-h day.

"ISRE
_ Qcarbonator + LCOgexpunsion + Quistrict cooling + Quistrict heating

Qcsp + LCOzcompression + Lpump
(25)

Pinch Analysis Applied to the CalL System
The pinch analysis was performed to optimize the heat
exchangers network of the solar calcium looping integrated with
the s-CO; power plant. As a result, we have the external supply
of heat and cold, and therefore, we have minimized the mass flow
rate of the reactants required to preheat themselves and heat the
working fluid of the power plant. A network of heat exchangers
needs to be built.

The optimization of the energy storage side can be conducted
separately from the optimization of energy release because the
two sides are separated physically and temporally using storage
components. Silos for solids compound and the pressurized
tank of CO, compose the storage area placed between the two
main reactors.

At the starting point, we have identified all the components of
each subsystem and the related streams which flow through each
component. The energy storage side is composed of the calciner
reactor and the storing compression (SC). In contrast, the energy
release site contains the carbonator reactor and the RE, as shown
in Figure 1.

In the second step, all the technical constraints and the
boundary conditions are defined. There are two technical
constraints: (i) second law of thermodynamics and (ii) minimum
temperature difference between two fluids, set at 20°C.
In contrast, the boundary conditions are (i) environment
temperature, (ii) pressure and temperature of the reactors, (iii)
temperature of the containers, (iv) pressure of the CO; at the
inlet of the storage tank, (v) pressure of the CO; at the outlet of

the RE, and (vi) temperature of the HTF coming out from the
carbonator reactor.

The third step of this methodology involves calculating the
external maximum heat and cold required from the system.
In this way, we can evaluate the composite curves for the
cold and hot fluids. Initially, both curves are started at zero
abscissae. For the constraint of the second law, the cold fluid
curve must always be below that of the hot fluid. The cold fluid
curve is translated horizontally until the difference of minimum
temperature set before will be obtained to make the result
acceptable. As a result, the minimum energy requirement will be
evaluated, and the heat exchanger network can be designed. The
configuration of HEN, the phase change fluids, and the chemical
reactions were treated following the methodology described in
Verda and Guelpa (2015).

The Key Parameter of the Plant

Three different efficiencies are defined to compare the
performance of the system with others simulated in the
previous manuscript (Cannone et al., 2020):

— The integrated efficiency (IE) is calculated as the ratio between
the energy produced by the power plant and the solar energy
input into the calciner reactor. This efficiency links the main
input and output of the whole system directly over 24 h.

LBmyton

NE = (26)

Qcsp

— The net efficiency (NE) also considers the power consumed
or produced by the compression and expansion of CO,,
respectively. Indeed, the CaL system can be seen as a mix of
chemical storage (i.e., CaO and CO; production) and CGES
(compressed gas energy storage).

_ LBmyton + LCOZ,expansion (27)

IINE =
QCSP + LCOz,compression

— The global efficiency (GE) considers the whole energy input
and output of the system, including the heat at low enthalpy
recovered by the district cooling and heating network.

GE
N LBraytun + LCOzexpansion + Quistrict cooling + Quistrict heating

Qcsp + LCO;cumpression + Lpump
(28)

RESULTS

Results of the Parametric Analysis Applied

to the Power Island
The main objective of this section is to show the best-performing
cycle among the four mentioned options before that will be
integrated into the CaL-STP system.

Figure 4 shows the effect of the split ratio on the cycle
efficiency. The simple regeneration cycle does not depend on
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the SR, but it is reported in the graph to compare all the cycle
efficiency. While the intercooling cycle and recompression cycle
are strongly depending on SR, the efficiency of the partial cooling
cycle changes slowly, reaching the peak value (ncyde = 45.2%)
with SR equal to 0.6, about 4 points percentage higher than
the minimum value. This behavior is mainly attributed to the
cooling, the total mass flow rate at the inlet of the precompressor.
It reduces the power consumed to boost the working fluid at an
intermediate pressure.

The efficiencies of the recompression and intercooling cycles
change mostly at different SR values. Increasing the SR, both
cycles reach a peak and, after that, decrease slowly. The maximum
efficiency is achieved by the intercooling cycle arriving at
Neyele = 47.2%.

Keeping constant the SR values that maximize the respective
cycles, the intermediate pressure was investigated in Figure 5.
At fixed maximum and minimum pressures, the RPR changes
with different amounts of medium pressure. Only intercooling
and partial cooling cycles present a precompressor unit, and
therefore, only these two efficiencies can improve.

The maximum efliciency of intercooling and partial cooling
cycles showed RPR equal to 0.59 and 0.51, achieving the peaking
efficiency equivalent to 47.4 and 45.2%, respectively.

The last key parameters evaluated were the turbine inlet
temperature (see Supplementary Figure 2) and the compressor
inlet temperature (see Supplementary Figure 3).

The choice of a renewable source at high temperature and a
heat transfer fluid that allows reaching even higher temperatures
will permit higher efficiencies. The CaL process can provide
heat at a higher temperature. Therefore, the intercooling s-CO,
Brayton cycle is chosen as the best cycle for the system integration
working at 700°C, that is the maximum temperature achievable,
and with a compressor inlet temperature set at 50°C, due to the
general scarcity of water and scorching weather in the areas where
it can be installed. The best efficiency achieved is 49.4%.

Results of the Pinch Analysis Applied to
the Storage System

The calciner reactor operates at 950°C and 1 bar, while
the carbonator reactor is set up at 720°C and 2 bars. The
temperature of the carbonator reactor was imposed at 20°C
higher than the maximum temperature of the power cycle to
reduce exergy loss, mechanical stress of the material, and power
heat provided to preheat the streams at the inlet of the carbonator
reactor. Instead, the pressure of the carbonator was chosen to
overcome pressure drop into each component in an original
configuration. The CaO conversion X was set at 70% (Chen
et al., 2012). Successively, a parametric analysis was carried
out to evaluate the best-operating conditions. The principal
process parameters and the detailed analysis are summarized in
Supplementary Material Section 1.4.

Figure 6 describes the heat exchanger network resulting
from the pinch analysis applied on the carbonator side. The
heat transfer fluid leaving the carbonator reactor (1) provides
663.3 MW into HEA to feed the power block, heating the
fluid (3) until 700°C. The hot solids stream warms the whole
CO; (6) until maximum temperature is achieved (545°C), and
then, it was divided into two streams. The first substream
provides heat both to (i) calcium oxide (7) in HEC (146.5 MW),
reaching 516°C, and (ii) CO; (4) via HED (36.7 MW) getting
at maximum temperature before the recovery expander unit
(44°C), while substream (2) is cooled down to 40°C. The
remaining substream is directed to HEE, exchanging 90 MW
with the stoichiometric CO; at carbonator pressure (5) and sent
to the storage tank at 27°C. The heat required by the reactants
entering the carbonator (i.e., CaO at 516°C and CO; at 545°C) to
achieve the carbonator reactor temperature (720°C) is provided
by the heat released by the exothermic reaction of carbonation,
i.e.,, 666 MW.

The optimized heat exchanger network synthesized from
pinch analysis in the heat storage section is reported in Figure 7.
According to the pinch point, the only cold fluid (4) at
ambient temperature is split into two streams; the first one
passes through the HEA, receiving 17.8 MW from the CO,
and reaching cold pinch point temperature. At the same time,
the second substream is heated up into HEB (i.e., 33.6 MW)
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FIGURE 7 | Minimum energy consumption network in the solar energy storage side. The plant configuration results from the pinch analysis optimization.

from the compressed CO, entering the storage tank. After ~Results of the Parametric Analysis Applied
these heat exchangers, the two solid streams are mixed at {0 the Storage System

50°C. The solid stream is Split again into two streams. In The proposed system Conﬁguration shown in Figures 6, 7 is
HEC and HED, the hot calcium oxide and carbon dioxide  the outcome of the pinch analysis explained in the previous
leaving the solar calciner reactor provide 790 and 522 MW to  section. This method maximizes the internal heat recovery,
the solids streams until the same exit temperature of 815°C.  reducing the solar energy required by the power plant at nominal
The remaining sensible heat (231 MW) and the heat required  operating conditions.

for endothermic reaction (1,933 MW) are provided by the We have performed the parametric analysis to find the best
solar calciner. operational conditions of the carbonator reactor over selected
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parameters. The first analysis takes into account the effect of
carbonator pressure on the efficiency of the storage system (see
Figure 8).

The bar chart above illustrates the TSE, SE, and SRE variation
in absolute values at different carbonator pressures concerning
the reference efficiencies calculated at 1.2 bar. The carbonator
pressure affects the SE more because, increasing the carbonator
pressure, the expansion work of stored CO, drops down. The
best choice should be selecting the reference pressure, but a
carbonator pressure of 2 bars was chosen to avoid potential
backflow (pressure drops in each component) in a real plant.

The second investigated KPI is the temperature of the
carbonator reactor, and the results are shown in Figure 9. This
parameter controls the system efficiencies robustly. Increasing
the temperature of the carbonator reactor, the mechanical power
recovered by CO, expansion increases but not enough to counter
the lowering heat of carbonation reaction. For this reason, the
carbonator reactor works at 720°C.

The CaO conversion (X) is the last KPI considered in
this section. At different values of X, the heat of reaction
in the carbonator reactor (670 MW) and the solar calciner
(—1,933.4 MW) remains constant. This happens only by
increasing the mass flow rate of the reactants so that the
CaO converted in CaCOs and vice versa is kept constant.
Furthermore, the sensible heat to reach the operational
temperature of the two reactors varies, as shown in Figure 10.
As a result, the power heat required from CSP increases as well
as the solar multiple between 3.2 and 3.4. On the contrary, the
power heat available in the carbonator reactor as heat reaction
drops down at low values of CaO conversion due to the increased
sensible heat required to reach the temperature of the reactor
with more reactants in the reactors. Figure 10B describes the
behavior of the carbonator side. The heat exchanger network
resulting from the pinch analysis was optimized for different CaO
conversions. As a result, the split ratio of stream 2 (see Figure 6)
sent to the HEE decreases at lower values of X. With a CaO
conversion lower than 46%, the thermal power available is less
than the power heat required by the Brayton cycle (663 MW).
Therefore, to maintain the same electricity generation, (i) a new
sorbent with a higher CO; uptake capacity has to be used in the
system; (ii) we can increase the mass flow rate of the reactants
which flow into the carbonator reactor (i.e., CaO and CO,)
working at fewer hours per day due to higher consumption of the
stored material; (iii) otherwise, the TIT can be decreased along
with the power generation and the efficiency of the intercooling
s-CO; Brayton cycle.

Figure 11 shows the daily storage volume influenced by
CaO conversion. The solid storage volume sharply decreases at
high values of CaO conversion. The daily storage volume of
solids (CaCOj3 and CaO) produced by a carbonation reaction at
X = 30% is 75% higher than the ones provided at X = 70%. On
the contrary, the mass flow rate of CO; directed to the carbonator
reactor does not change, and therefore, the carbon dioxide
storage volume is always the same (Vco, = 13,100 [m?]).

The same figure explains the energy density at different CaO
conversions. Energy density is an important parameter useful for
comparing different storage systems. It is defined as the ratio
between the power heat available from the carbonator reactor and
the storage volume of the two reactants.

GJ

o)

The energy density rises when the CaO conversion goes up,
starting from 1.1 to 2.1 GJ/m°.

Finally, Figure 12 reports the values of TSE, SE, and SRE
with the change of CaO conversion. The efficiencies increase
when X rises, reaching approximately a plateau at X = 70%
achieving 87.3, 91.9, and 99.9%, respectively, for SE, TSE, and
SRE. The SRE reaches the highest value because it considers
heat at low temperatures exchanged with the district heating and
cooling network.

Qcarbonator

= — (29)
Veao + Veo,

PE
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Results of the Parametric Analysis Applied

to the Overall System

The solar CaL storage system was integrated with the 320-
MW intercooling s-CO, power plant. As shown in the previous
section, the s-CO, Brayton cycle has an efficiency equal
to 49.4% when it works at the condition summarized in
Supplementary Table 6.

The heat required by the power plant is provided by the
heat transfer fluid heated during exothermic reaction into the
carbonator reactor. The ambient temperature is set at 20°C, but
the s-CO; is cooled until 50°C into the air cooler, considering
seasonal temperature variation. Into the HTHR and LTHR, the
minimum temperature difference was set at 20°C. Besides, the
non-pressure drop was assumed into each heat exchanger.

The proposed system layout, as formulated in Figure 13,
can operate in two different main configurations. The solar
energy is collected from the field of heliostats and is reflected
by the beam down the central reflector to the solar calciner.
The accumulated energy can be (i) used directly to generate
electricity and/or (ii) stored through the direct CaL process. In
this paper, we have studied only electricity production by the CaL
storage system.

In this work, we have integrated the solar CaL storage system
with the intercooling s-CO, Brayton cycle. The CalL storage
system allows the working fluid of power plants to achieve high
turbine inlet temperature. With the high pressure of working
fluid in the power plant (250 bars), electricity is produced at
higher efficiency.
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FIGURE 14 | Efficiencies of the TC/CG-ES integrated with an intercooling s-CO, power cycle.
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Figure 14 reports the three efficiencies defined above at
different values of CaO conversion. The efficiencies IE, NE, and
GE increase with the increase of CaO conversion achieving 45.4,
44.4, and 57.1%, respectively. If we are not interested in recovery
heat at low temperatures, the net efficiency can increase if air at
20°C flows both in intercooling and interheating components.

All the electrical and thermal power duties produced and
consumed by the various components and the plant efficiencies
at a fixed CaO conversion value set at 0.7 are summarized in
Supplementary Table 7.

DISCUSSION

The parametric analysis applied in our integrated system suggests
the main operation conditions for both the power plant and
the storage system. As shown in Figures 8, 9, the best operating
conditions of the carbonator reactor are low pressure (P = 2 bars)
and low temperature (T = 720°C), and therefore, the turbine
inlet temperature was set at 700°C. We can explain these results
because when pressure and temperature go up, the heat of
reaction produced into the carbonator reactor decreases.

One of the important system variables is CaO conversion.
The efficiencies of the system, when the heat exchanger networks
are optimized, do not change a lot at different CaO conversion
factors. On the contrary, with X lower than 46%, we need to
reduce the electrical power produced because the heat provided
to the Brayton cycle is not enough to work at nominal condition
(see Figure 10B).

The most sensitive KPI is energy density. Indeed, decreasing
CaO conversion, the size of the storage increases a lot, and
therefore, as shown in Figure 11, the energy density of the system
goes down.

The work done highlights the benefit of the trigeneration
system model. Figure 15 illustrates the comparison between the
net and global efficiencies resulted by our model, to the other
presented in the literature. We can observe that the net efficiency
of our plant is always higher than the other plants modeled in the
literature except for the open-air Brayton cycle by Edwards and
Materi¢ (2012) at low CaO conversion values. On the contrary,
the global efficiency is almost 10% higher than the net efficiency
of the other plants and always higher than the global efficiency of
the CaL system integrated with a Rankine cycle modeled in the
past manuscript (Cannone et al., 2020). Indeed, fixing the CaO
conversion at 70%, the NE and GE of Brayton cycle, shown in
Figure 15, reach 44.4 and 57.1%, respectively, while the efficiency
of the Rankine cycle, at the same value of CaO conversion,
achieves values of 39 and 51%, respectively. These results have
been achieved by coupling an efficient power plant with the CaL
storage system and exploiting all the heat at low enthalpy.

CONCLUSION

A novel solution for the storage of excess solar energy harvested
into a particle solar calciner for the trigeneration power
production is presented in this work. The Brayton cycle (power
island) is sized to produce 320 MW and integrated with the solar

CaL. The TC/CG-ES uses solar energy to regenerate the calcium
carbonate into calcium oxide and carbon dioxide at 950°C. The
carbon dioxide produced is compressed at 75 bars, producing
heat at low temperature, and expanded when energy is required,
producing cold and providing a district cooling network. The
three storage tanks for CaO, CaCOs3, and CO; are at ambient
temperature, avoiding energy loss for efficient seasonal storage.

The energy release process occurs in the carbonator reactor,
taking advantage of the high temperature of the reaction,
providing heat to the power block. Several s-CO; configuration
cycles are analyzed, changing several main parameters such as
the TIT, RPR, CIT, and split ratio. The best cycle configuration is
the intercooling cycle, reaching the maximum solar-to-electrical
efficiency of 49.4%.

We perform the pinch analysis to reduce the external
heat sources and sinks, optimizing the internal heat recovery.
Successively, a parametric analysis is carried out considering
three KPIs (ie., CaO conversion, temperature, and pressure
of the carbonator). As a result, we have obtained the optimal
operation condition of the carbonator reactor and evaluated how
the efficiencies of the system change with the CaO conversion.

Cal storage presents several advantages comparing this
storage system with state of the art (i.e., molten salt options): (i)
there is no issue of solidification: the compounds can be stored at
environmental temperature; (ii) storage at ambient temperature
avoids heat loss, therefore can be used as seasonal storage; (iii)
the energy density of the analyzed system (2 GJ/m?) is more
than two times higher than molten salts (0.9 GJ/m?); and (iv) the
maximum temperature achievable with CaL to power the s-CO,
cycle is between 600 and 850°C.

The spent sorbent is a potential material to be fed to the
cement plant and other industrial processes (e.g., iron and
steel, glass, and pulp), meeting the requirements of the circular
economy and reducing landfill material.

The capability of calcium looping to efficiently store solar
energy fluctuation and feed a power unit with higher energy
density makes this option an optimal candidate for the
decarbonization of power production.
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NOMENCLATURE

Acronyms

CalL Calcium looping

CSP Concentrated solar plant
ECO Economizer

EVA Evaporator

GHG Greenhouse gas

HEN Heat exchange network
HTF Heat transfer fluid

KPI Key performance indicator
PCM Phase change material
RE Recovery expander

RH Re-heater

SC Storing compressor

SH Superheater

SRK Soave-Redlich-Kwong
TCES Thermochemical energy storage
STES Sensible thermal energy storage
UNFCCC United Nations Framework Convention on Climate Change
Parameters

n (mol/s) Molar flow rate

cp [(J Specific heat capacity
kg)/K]

G (kg/s) Mass flow rate

h (kd/mol) Enthalpy

L (M) Work

m (kg) Mass

P (bar) Pressure

Q (M) Heat

T(°C) Temperature

t(s) Time

W (MW) Power

X (=) Cao conversion

AH Enthalpy difference
(kJ/mol)

AT (°C) Temperature difference

€ (-) Extent of reaction

nE Efficiency

@ (MWy) Thermal power

v (mol/s) Stochiometric coefficient
Subscripts

c Cold

calc Calciner

carb Carbonator

GE Global efficiency

h Hot

HP High-pressure turbine

in Inlet

LP
min
MP
NE
out

react
ref
reg
SE
SRE

Isentropic

Low pressure
Minimum

Average pressure
Net efficiency

Outlet

Reaction

Reaction

Reference
Regeneration system
Storage efficiency
Storage and recovery efficiency
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