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The Calcium-Looping process is a promising thermochemical energy storage method based on the multicycle calcination-carbonation of CaC0O3-CaO to be
used in concentrated solar power plants. When solar energy is available, the CaCOs3 solids are calcined at high temperature to produce CaO and CO,,
which are stored for subsequent utilization. When power is needed, these reaction by-products are fed into a carbonator reactor where energy is released
from the exothermic carbonation reaction. In com-parison with currently commercial energy storage systems, such as solar salts, the Calcium-Looping
process presents several benefits such as the feasibility to work at significantly higher power cycle temperatures, a higher energy storage density and the
possibility to store energy in the medium-long term. The present manuscript analyzes a number of novel Calcium-Looping configurations for energy
storage combined with CO, cycles in a solar tower plant. The high overall efficiencies achieved (32—44%, defined as the ratio of net electric power
production to net solar thermal power entering the calciner) indicate a potential interest for the integration of the Calcium-Looping process in
Concentrating Solar Power Plants, although major technological challenges related to the design of the solar receiver and of the high temperature solids

handling devices remain to be faced.
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1. Introduction

Dispatchability is a main challenge for the commercial deploy-
ment of intrinsically variable major renewable energies such as
wind and solar. Thus, efficient, cheap and non-toxic thermal energy
storage (TES) is a key issue for Concentrating Solar Power (CSP)
plants to provide a significant share of electricity generation.
Currently, over 40% of commercial CSP plants around the world
incorporate TES systems typically based on a two-tank TES system
to use the sensible heat stored in molten salts, which allows CSP
plants to operate up to 15 h in the absence of solar radiation [1].

In the last years, research on Thermochemical Energy Storage
(TCES) systems as an alternative to molten salts has gained a
considerable momentum [2]. TCES applied to CSP uses the heat
available in the solar receiver to drive an endothermic reaction.
When energy is needed, the by-products of the reaction are
brought together at the necessary conditions for the reverse
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exothermic reaction to occur, which releases the previously stored
chemical energy for power production. Main advantages of TCES
over TES and PCMs are the possibility of storing energy in the long
term [3] and the high energy density potentially achievable [4].
Many TCES systems are being analyzed as candidates for energy
storage in CSP plants [5], among which we find systems based on
hydroxides (e.g. Ca(OH), [6]), metal redox (e.g. Co304 [7]), car-
bonates (e.g. CaCOs [8], SrCO3 [9,10]), hydrides (e.g. MgH, [11]),
ammonia [12], sulfur [13] or organic compounds (e.g. CH4 [14]). A
proper selection of the TCES system is crucial. In order to compare
the different TCES systems, a general criterion was proposed by
Wentworth and Chen [15].

Among the diverse thermochemical systems for energy storage,
the cyclic calcination-carbonation of CaC03-CaO (Eq. (1)) stands as
a promising method for CSP applications [16—20].

CaCO55)2Ca0(s) + COyg 4HY = 178 kj/mol (1)

The Calcium-Looping (CaL) process shows a number of impor-
tant benefits for TCES in CSP such as: i) high turning temperature,
which allows using high efficiency power cycles [21] thus
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overcoming the limitations imposed by the degradation of molten
salts at temperatures near ~600 °C, ii) high energy density [19], iii)
the use of a well-known process and already mature technology
originally developed for the cement and lime industry [22—24], iv)
the low price, wide availability and non toxicity of natural lime-
stone (near 100% CaCOs3) that may be employed as CaO precursor
[25—27].

The CSP-CaL integrated process starts with the decomposition of
CaCOs in a solar calcination reactor (calciner) where heat is sup-
plied by concentrated solar radiation. In this regard, the CaL
process is especially suited for CSP plants with tower technology
where the attainable temperatures fit in the necessary range to
achieve fast CaCO3 decomposition (above 700 °C depending on the
CO, partial pressure in the calciner environment [28]). The
calcination by-products (CaO and CO,) are sent to storage vessels
and, when needed, circulated into a carbonator reactor wherein
energy is recovered from the exothermic carbonation reaction.

The CSP-Cal integration, although already proposed as a
concept in the late 1970s [29], has not been analyzed in detail until
quite recently. Several solar calcination reactors have been pro-
posed and tested [30—33]. Moreover, a number of studies have
been reported regarding Ca-based materials behavior for TCES
[20,34,35]. Edwards et al. [36] developed a CSP-Cal integration
scheme in which the carbonator heat is transferred to a CO,/air
stream used as working fluid in a Joule-Brayton open cycle. Cha-
cartegui et al. [8] have more recently proposed a higher efficiency
(up to 45%) CSP-CaL scheme optimized by a pinch analysis [37]
wherein the TCES system is coupled to a closed CO, power cycle
[21]. Another possibility would be integrating a supercritical CO,
cycle (s-CO;) [38—40] in an indirect way, as was analyzed in a
previous work [21]. Previous schemes [38,41] take advantage of the
energy storage capacity of CaL process within a post-combustion
CO; system. Other works [42,43] have presented diverse schemes
in which CSP is used to aid calcination when the CaL process is
employed for CO; capture in a coal fired power plant.

The present manuscript goes beyond previous analyses on the
CSP-CalL integration by investigating the performance of new pro-
cess schemes. Regarding to previous works, the novel schemes
analyzed in the present work consider high temperature solids
storage, which simplifies the heat integration process while
maintaining a high-energy storage potential. In this regard, a new
expression to estimate the energy density of a thermochemical
system based on gas-solid reactions is proposed, which considers
not just the reaction enthalpy but also the size of the vessels
needed for solids storage and material properties such as the bulk
porosity of the granular solids. A simpler heat integration allows to
use novel integration schemes with a design similar to state-of-
the-art equipment. Starting from a simplified base case each
modified layout seeks to increase the overall plant efficiency at the
expense of introducing an additional degree of complexity and
therefore a higher investment cost.

The manuscript is structured as follows: first a CSP-CaL plant is
generally described. Main concepts, possibilities and limitations of
the cycle, as well as the assumptions made along the analisys are
addressed. In section 3, four novel CSP-CaL integration schemes are
analyzed from mass and energy balances. Afterwards, a sensitivity
analisys is carried out in order to assess the impact of the different
assumptions on cycle efficiency. Results show that overall plant
efficiencies, defined as the ratio of net electrical production to net
thermal input entering the calciner (and therefore without
considering solar receiver efficiency) vary in a wide range of
32—44% depending on the system complexity and cycle
parameters.

2. CSP-CaL plant
2.1. Overall description

Fig. 1 shows a flow diagram of the CSP-CaL integrated system.
The process starts in the calciner, where solar energy is used to
carry out the calcination reaction that releases gaseous CO, and
solid CaO as products. In the present work it is assumed that
calcination can be fully achieved in the calciner [17,22]. According
to chemical equilibrium [28], a temperature around 900 °C is suf-
ficiently high to drive calcination at atmospheric pressure in short
residence times. Such temperature can be attained, for example, in
a solar particle receiver [44,45]. Several solar calciner reactors have
been already proposed in literature [30—32,46] and experimentally
tested up to 50 kW scale [47].

CaO generated in the solar calciner is stored in a CaO storage
vessel, while hot CO, is cooled down in a heat exchanger network
consisting in a heat recovery steam generator for a bottoming
steam cycle and in possible solids preheater. Cooled CO, is stored in
a pressurized CO; vessel or used as working fluid in the power
cycle.

On the carbonator side, preheated CO, reacts with CaO by
exothermic carbonation, which produces CaCOs. The CO, mass flow
rate entering in the carbonator (Fcoy ¢pin) is well above the stoi-
chiometric need and the excess CO2 (Fcop erpour ) is used as fluid
carrier to evacuate the heat released by carbonation. Hot CO,
effluent from the carbonator is expanded in the main CO, turbine
(M-TURB) driving the CO, compressors and producing electric
power. Expanded CO, stream is cooled in a heat exchanger
network, which consists of a CO, cycle regenerator and may
include solids preheaters. The cooled CO, is mixed with the cooled
CO; generated in the calciner or from the CO, storage vessel and
then compressed up to the carbonator pressure.

One of the main drawbacks of the CaL process is the progressive
loss of activity toward carbonation in short residence times of the
regenerated CaO as the number of cycles increases depending on
the carbonation/calcination conditions employed [48]. Thus, only a
fraction X of the total flow of CaO entering the carbonator (Fg ¢ in)
reacts to produce CaCOs3 (Fcyco3 crb)> While 1-X remains as unreacted
CaO (Fcqo unr)- The average CaO conversion X is thus a critical ma-
terial property for the simulations. CaO conversion is highly
dependent on the carbonation-calcination conditions as well as on
the CaO precursor [49]. The CalL process applied to post-
combustion CO, capture, which most of the CaL research focused
on, involves carbonation under low CO; partial pressure whereas
calcination is carried out under high CO; concentration at
temperatures around 950 °C. These conditions lead to a severe drop
of the CaO conver-sion with the number of cycles, reaching a
residual value of just around X = 0.07—-0.08 [50]. However, CaL
conditions for TCES in CSP are not the same as those employed for
CO; capture. In the proposed CaL-CSP integration scheme (Fig. 1)
both carbonation and calcination are carried out under a pure CO,
atmosphere. According to previous works, CaO residual conversion
is about X = 0.2 for carbonation under 100%CO, atmosphere and
calcination at 725 °C (under low CO, partial pressure) for CaCOs3
particles larger than 45 pm [18]. A similar value of the residual
conversion for CaO derived limestone is reported by Obermeier et
al. [17], who per-formed calcination at 800 °C in air atmosphere
and carbonation at 600 °C under pure CO, atmosphere. In the
present work, a baseline value of X = 0.15 is assumed for the
process simulations at sta-tionary conditions, which means that
about 85% by weight of the CaO entering into the carbonator exits it
as unreacted CaO. Never-theless, a sensitivity analysis on the
average conversion will be performed in Section 4 to assess the
dependency of the plant per-formance on the CaO conversion.
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Fig. 1. CSP-CaL conceptual scheme.

Energy density values found in the literature for the CaL system
vary widely. Some authors [4,38,51—53] report values around of
3—4 GJ/m? from the reaction enthalpy while other works [38,54,55]
give values in the range of 0.9—2 GJ/m? by considering gas and
solids vessels and/or that carbonation is not complete. Rhodes et al.
[10] use an expression to calculate the energy density in each cycle
as a function of the mass change observed in thermogravimetric
experiments. However, it is interesting for practical purposes to
address the size of the vessels needed for solids storage (i.e. taking
into account the particles porosity and the packing density of
solids), which is more closely connected with the capital costs of
the energy storage system. To this end we propose Eq. (2), which
can be applied to gas-solid TCES systems with the structure AB5)=
As) + Bg) (for the CaL case: AB = CaCOs; A= Ca0; B=COy):
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density of the entire CaL system is mainly dependent on the CO,
storage conditions (pressure and temperature) and CaO conversion
as shown in Fig. 2.

As shown in Fig. 2, considering supercritical conditions for CO,
storage, the energy density of the entire system varies in a range of
~ 0.39—0.9 GJ/m? depending on CaO conversion. Fig. 2 also shows
the energy storage density of a molten salt system by considering a
two-tank configuration [57] and typical values of the temperature
change (DT) in CSP plants [1]. As can be seen, the energy storage
density of the entire CaL system is comparable to the molten salt
technology for CaO conversions of 0.15, whereas it can be well
above that of the molten salts system for higher CaO conversion.
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where 4Hp is the reaction enthalpy (GJ/kmol), ¢, ; is the specific
heat of the component i (M]/kmol-K), Treactor is the decomposition
reaction temperature (K),T; ,esse iS the storage temperature for of
the component i (K), #; is the specific volume (m?/kmol) of the
component i at storage conditions, ¢; is the internal porosity of the
component i and @ is the particle packing density, whose value is
set to 0.6 as a typical value for the random loose packing fraction of
irregularly shaped particles under gravity [56]. For the CaL specific
case, it is assumed that particle size does not change by reversible
reaction (which would affect mainly to its internal porosity) and
therefore vpg = v4.

The CO, tank volume is a critical factor depending on the gas
temperature and pressure. In the CSP-Cal integration scheme
proposed elsewhere [8] CO; is stored at high pressure (75 bar) and
atmospheric temperature (25 °C) to guarantee supercritical condi-
tions and therefore minimize vessel size. The solids vessels capacity
is highly influenced by the CaO conversion, since a high CaO reac-
tivity reduces storage volume needs. Thus, the volumetric energy

(2)

2.2. Model assumptions

The main assumptions made to model the CSP-CalL plant are
summarized in Table 1. All gas-gas heat exchangers are character-
ized by a minimum temperature difference (4T, of 15 °C,
whereas gas-solids heat exchangers are assumed to achieve the
same outlet temperature in both streams, assuming fluidized bed
or entrained flow gas solid contactors. Auxiliaries power con-
sumption in the carbonator and calciner sides are calculated as 0.8%
of the heat rejected in coolers [58]. Solids transport is carried out by
means of pneumatic conveying, which is an already mature tech-
nology to transport high temperature granular solids [59]. For Ca
based particles and a typical transport length of 200 m, the esti-
mated energy consumption is 20 MJ/ton [8]. Thermal loss in the
storage system is highly dependent on the type of insulation
employed. Thus, a thermal uncertainty parameter (including
receiver and storage efficiencies) will be considered in the calcu-
lation of the solar to electric power efficiency.

In regard to the turbomachinery efficiencies, different values
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Table 1
Main assumptions in the CSP-CaL model.
Group Parameter Component Value
Turbomachinery Isentropic efficiency Main CO, turbine (M-TURB) 0.9
Main CO, compressor (M-COMP) 0.87
High pressure storage turbine (HPS-TURB) 0.8
High pressure storage compressor (HPS-COMP) 0.8
Mechanical-electric efficiencies Main CO, turbine (M-TURB) 0.98
Main CO, compressor (M-COMP) 0.98
CO, turbine (HPS-TURB) 0.96
High pressure storage compressor (HPS-COMP) 0.96
number of intercooling/reheating stages High pressure storage compressor (HPS-COMP) 5
Main CO, compressor (M-COMP) 0
CO,, turbine (HPS-TURB) 2
Intercooling/reheating temperature High pressure storage compressor (HPS-COMP) 40°C
High pressure storage turbine (HPS-TURB) 65°C/100°C
Heat exchangers minimum temperature difference gas-gas HX 15°C
CO,-cooler 15°C
Pressure drops coolers 1%
HXG (both sides) 5%
HRSG (hot side) 3%
HRSG (cold side) 11%
solid-gas HX (both sides) 3%
Reactors Efficiency Calciner 1
Heat input Calciner 100 MW
Heat losses Carbonator 1% of heat transferred
Storage vessels Temperature losses All 0°C
CO,, storage conditions CO, vessel 75 bar
25°C
Steam cycle isentropic efficiency Steam turbine (ST) 0.75
Mechanical-electric efficiencies Steam turbine (ST) 0.98
condensing pressure COND 0.075 bar
evaporation pressure HRSG 45 bar
Super-heated steam temperature HRSG 400°C
Heat rejection Auxiliaries electric power consumption All coolers 0.8% of heat released

have been considered as a function of turbomachinery size and
type (Table 1). Thus, higher isentropic and mechanical efficiencies
are assumed for turbomachines with larger volume flow rate (M-
TURB and M-COMP). The moderate heat input does not justify the
adoption of complex configurations with high steam parameters
for the heat recovery steam cycle. Thus, a simple superheated
steam cycle with no reheat and moderate pressure and
temperatures has been assumed.

Different operations in “sun” and “night” modes are simulated in
this work. As previously stated, a Solar Multiple (SM) equal to 3 is
assumed for the system design and for simplicity the day is

considered composed by 8 h of sun, constantly providing 100
MWth to the calciner, and of 16 h of night. In the “sun” oper-ating
mode the CO; mass flow entering the carbonator side (Fcoz crp in) 1S
thus 1/3 the amount produced in the calciner (Fcq () whereas the
remaining 2/3 are sent to a CO, storage vessel that is discharged
during the “night” mode operations (2/3 of the day). In this
simplified approach, the plant efficiency is therefore deter-mined
as a weighted average of the performances in “sun” mode and
“night” mode (Eq. (3)). A more detailed hour-by-hour calcu-lation
with real solar radiation data and off-design plant analysis should
be pursued for a rigorous yearly analysis.
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In Eq. (4), Wye is the net electrical power produced by the
system and Qinput is the solar power input in the calciner (100 MW
for Atsyn of 8 h). The electric power produced is computed for the
“sun mode” (Wner sun) and the “night mode” (W ¢ night)» (EQs. (4) and

(5)):

Whet sun = Wn—turs + Wst — Wp — Wy_comp — Whps—comp

— Whpsorcar — Wpsorcar — Wauxpowea — Wauxpowcr

(4)

Wet night = Wm—Turs + Whps—turs — Wm—comp — Wesorcar

— Wauxpowcr

(5)

where WM Turg is the power produced by the main CO, turbine;
W and Wp are the power produced and consumed by the steam
turbine and the pump of the steam cycle, respectively; Wy _comp is
the power consumed by the main CO, compressor; Wyps_comp iS
the power consumption by the high pressure intercooled CO;
compressor for the storage system; Wpsorcar and Wpsorcar are the
power consumptions due to solids transport in the calciner and
carbonator sides, respectively; Wauxpowea and Wauxpower are the
auxiliary power consumptions in the calciner and carbonator sides,
respectively; Wyps_turg is the power produced by the high pres-
sure CO; turbine for expanding CO, from the storage to the car-
bonator pressure.

It is important to note that efficiency in our work strictly refers
to the heat input to the calciner and therefore it does not take into
account the thermal efficiency of the solar receiver, whose design
and modelling is beyond the scope of this work.

3. CSP-CaL schemes

In order to analyze the most beneficial configuration as a
tradeoff between efficiency and complexity 4 layouts have been
analyzed. Case 1 is the base case, gas-solid heat exchangers are
introduced in Case 2, an intercooled compression is added to Case 3
and, in Case 4, an ambient pressure carbonator is also employed.
Calculations have been performed using the commercial software
Aspen Plus™,

3.1. Base case

The proposed configuration for the base case is shown in Fig. 3.
In the “sun” operation mode, solar energy is used in the calciner to
bring the CaCOs-rich solids stream up to reaction temperature (900
°C) for the calcination reaction to be achieved. The CO, pro-duced
in the calcination (g1 in Fig. 3) is sent to a heat recovery steam
generator (HRSG) in order to use its sensible heat for power
production by means of a simple superheated steam Rankine cycle.
The cooled CO; stream (g3) is then compressed up to 3 bar in the
main CO, compressor (M-COMP) and is split in two streams. A
fraction of the CO, (1/3 of total) is sent directly to the carbonator
(g7a), whereas the rest (g4) is further compressed up to 75 bar
(HPS-COMP) and stored (CO, storage) for its use during the “night”
operation mode. The CaO produced in the calciner (c1) is directly

stored in the high temperature CaO storage vessel. Solids are stored
at ambient pressure and therefore lock hoppers are needed for
decoupling the pressure of the atmospheric solar receiver and of
the storage vessel from the pressurized carbonator.

On the carbonator side, electric power is produced by means of a
CO; closed Brayton cycle wherein a heat exchanger HXG is used as
recuperator. For this base case, CO, is expanded from carbonator
pressure to atmospheric pressure in the turbine with a pressure
ratio of 3 (PR = Pearponator/Pout, mturs)- The CO2 mass flow rate
entering the carbonator (g9) is well above the stoichiometric need
for CaO carbonation and is controlled to achieve the target turbine
inlet temperature. Thus, the CO, flow rate that does not react (g10)
takes the heat released by the carbonation reaction. Carbonation
has been modelled in the base case by considering a residual value
of CaO conversion X = 0.15. Then, with the aim of analyzing the
effect of CaO conversion on the plant performance a sensitivity
analysis has been carried out. After the recuperator, the CO; stream
is cooled by heat rejection to ambient and then compressed again
in the low-pressure compressor (M-COMP) to close the Brayton
power cycle.

As can be seen in Fig. 3, only gas-gas heat exchangers (HRSG,
HXG) and coolers are considered in this base case, which simplifies
the plant as compared to previously proposed CSP-CaL integrations
[8], which made use of counter-flow gas-solid and solid-solid heat
exchangers. This new configuration is therefore advantageous from
the point of view of plant engineering, construction and operation.
Main stream data for the base case is given in Appendix.

The energy balance resulting from the simulation of the base
case is summarized in Table 2. This configuration shows an overall
plant efficiency of 32.1%. As a consequence of the design criteria to
keep a constant power production by the main turbine (M-TURB), a
higher net power output is obtained in the “night mode” compared
to the “sun mode”. This is because the power consumed by the
high-pressure CO, storage compressor (HPS-COMP) and by the
auxiliaries for solids transport is not fully compensated by the
power generated by the steam turbine. On the other hand, part of
the CO, compression power is recovered in the “night mode” by the
high-pressure CO, storage turbine (HPS-TURB). As a result, net
power output in the “night mode” operation is 44% higher than in
“sun mode” operation.

The third column in Table 2 (“sun mode w/o storage”) shows the
energy balance of the plant when operated without storage. This
case can be representative of i) the same plant designed with SM =
3 when operating with a solar radiation absorbed by the calciner
equal to 1/3 of the design heat input or of ii) a plant designed with
the same gross turbine power (M-TURB), SM = 1 and no TES. In this
case, heat input to the calciner is 1/3 of the design power and the
flow rate of CO; produced in the calciner matches the flow rate sent
to the CO; cycle to compensate the CO; captured in the carbonator.
In this operating mode, the power related to the turbomachines
linked to the storage system (HPS-COMP and HPS-TURB) is zero.
The overall plant efficiency obtained for this case is 33.9%. Thus, the
efficiency penalty associated to the storage system sized with a
solar multiple of 3 is 1.8% points.

As shown in Table 2, main heat rejections to ambient occur in
the CO, cycle precooler (COOLER-3 in Fig. 3) and in the steam
condenser (COND). In the case of COOLER-3, the CO; stream exiting
the recuperator HXG (g12) is cooled from 154 °C down to 40 °C and
part of this heat is used to heat up the CO, coming from the storage
(HEATER). A non-negligible thermal power is also rejected to
ambient by the high-pressure CO; cooler (COOLER-2), which is used
to cool the compressed CO, (g5 stream) from the HP compressor
(HPS-COMP) to a storage temperature of 25°C and by the HPS-
COMP intercoolers.
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Table 2
Energy balance resulting from the simulations of the base case.
Parameter Base case (Fig. 3)
“sun mode” “night mode” “sun mode w/o storage”
Solar thermal power to the calciner (MWy,) 100 0 3333
Heat exchangers Thermal Power(MWth) HRSG 21.73 — 7.24
COOLER-1 0.24 - 0.08
COND 15.85 - 5.28
HP-COMP (intercooler) 4.66 - -
COOLER-2 4.15 — —
HEATER - 2.14 -
TURBT1 (interheater) — 0.77 —
COOLER-3 13.24 13.24 13.24
HXG 75.91 75.91 75.91
Power production (MWe) CO, storage turbine (HPS-TURB) - 1.05 -
Main CO, turbine (M-TURB) 23.92 23.92 23.92
Steam Turbine (ST) 5.80 — 1.93
Power consumptions(MWe) Steam cycle pump (P) -0.04 - -0.01
Main CO, compressor (M-COMP) -12.94 -12.22 -12.94
CO,, storage compressor (HPS-COMP) -533 - -
Auxiliaries for heat rejection (calciner side) -0.20 — -0.04
Auxiliaries for heat rejection (carbonator side) -0.11 -0.11 -0.11
Auxiliaries for solids transport calciner -2.17 - -0.72
Auxiliaries for solids transport carbonator -0.72 -0.72 -0.72
Net power (MWe) W et sun 8.27 - 1131
Wnet,night - 11.93 0
Overall plant efficiency n 0.321 0.339

3.2. Case 2: addition of solid-gas heat exchangers

Compared to the base case, case 2 (Fig. 4) incorporates the use of
solid-gas heat exchangers on both calciner and carbonator sides. In
this way, it is possible to make a more profitable use of the high
temperature heat stored in the streams exiting the reactors, which
leads to an improved thermal integration. Solids heating could be
performed in a suspension preheater where gas and solids are

sequentially contacted in risers and separated by cyclones, as
usually performed in raw meal preheaters of cement plants [60].
All solid-gas heat exchangers have been modelled by assuming a
co-flow arrangement and a same exit temperature of the gas and
solids streams (as shown in Fig. 5).

GS-HE1 is used to exchange heat between the CO, stream
exiting the calciner at 900 °C and the solids stream entering it,
which must be brought to the calcination temperature, while heat
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Table 3
Energy balance for the cases 2,3 and 4.

Parameter Case 2

Case 3 Case 4

Including: solids heat exchangers

Including: solids heat exchangers
Intercooled compression

Including: solids heat exchangers
Intercooled compression P=Patm
carbonation

“sun “night  “sun mode wjo “sun “night  “sun mode w/o “sun “night  “sun mode w/o
mode” mode”  storage” mode” mode”  storage” mode” mode”  storage”
Solar thermal power (MW¢y,) 100 0 33.33 100 0 33.33 100 0 33.33
Heat exchangers thermal HRSG 1163 — 3.88 1137 — 3.80 1151 — 3.84
Power (MWth) GS-HE1 4.39 - 1.46 445 - 1.48 442 — 1.47
COOLER-1 0.25 — 0.08 0.32 - 0.11 0.28 — 0.09
COND 8.49 - 2.830 8.23 - 2.78 8.40 — 2.80
HP-COMP (intercooler) 3.47 - - 345 — - 3.46 - -
COOLER-2 3.08 — — 3.06 - - 3.07 — —
HEATER - 1.58 - — 1.57 - — 1.58 —
TURBT1 (interheater) - 0.57 - - 0.56 - - 0.74 -
COOLER-3 1554 15.54 15.54 6.02 6.02 6.02 6.04 6.04 6.04
HXG 84.60 84.60 84.60 9327 93.27 93.27 93.68 93.68 93.68
GS-HE2 291 291 291 3.17 3.17 3.17 3.04 3.04 3.04
GS-HE3 7.19 7.19 7.19 7.15 7.15 7.15 717 717 717
Power inlet (MWe) CO, storage turbine (HPS- — 0.77 — — 0.76 — — 1.01 —
TURB)
Main CO, turbine (M- 26.87 26.87 26.87 26.64 26.64 26.64 26.77  26.77 26.77
TURB)
Steam Turbine (ST) 3.10 — 1.03 3.03 - 1.01 3.07 — 1.02
Power outlet (MWe) Steam cycle pump (P) -0.02 — —0.01 -0.02 — -0.01 -0.02 — —0.01
Main CO, compressor (M- —14.67 —14.11 —14.67 -1326 -12.75 -13.26 -1328 -13.20 -13.28
COMP)
CO, storage compressor —3.98 — 0.00 -395 — 0.00 -396 — 0.00
(HPS-COMP)
Auxiliaries heat calciner -0.12 — -0.02 -012 - -0.02 -0.12 — -0.02
Aucxiliaries heat carbonator —0.12  -0.12 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12
Auxiliaries solids transport —1.60 — -0.53 -159 - —0.53 -1.60 — -0.53
calciner
Auxiliaries solids transport —0.53  —0.53 -0.53 -0.53 -053 -0.53 -0.53 -0.53 -0.53
carbonator
Whet Winet.sun 8.94 - 12.01 1009 - 13.18 1021 - 13.30
We ¢ night - 12.88 - - 14.01 - - 13.92 -
Overall plant efficiency n 0.347 0.360 0.381 0.395 0.381 0.399

exchangers GS-HE2 and GS-HE3 are used to preheat the CO; stream
entering the carbonator. As a consequence, solids are stored in the
vessels at lower temperature and lock hoppers also operate at
lower temperatures. Streams properties is reported in Appendix
while the energy balance for this case is shown in Table 3.

Because of the preheating of the gas in GS-HE2 and GS-HE3, this
enter the carbonator at higher temperature compared to the base
case (719 °C instead 654 °C) and a higher CO, flow rate can pass
across this reactor to carry the heat released by the carbonation
reaction. As a result, the power produced by the main CO, turbine
increases by a 12%. Fig. 5 shows the temperature-heat (TQ) dia-
grams for both the base case and case 2.

As shown in Fig. 5, a better heat integration is achieved in the
calciner side for the case 2. An enhanced utilization of high-
temperature stream temperature is achieved, with the conse-quent
reduction in exergy loses. The lower storage temperature in the
CaCO3/Ca0 storage vessel also causes a reduction of the solids
temperature at the inlet of the calciner (stream s3). Therefore, in
the “sun mode”, a higher portion of the heat provided to the
calciner is taken as sensible heat of the solids stream and less
power is available for the calcination reaction, which lowers the
production of CaO and CO,. The reduced flow rate of CO, combined
with the lower temperature at the HRSG inlet (stream g1-1) after
the solids preheater GS-HE1 causes a reduction of the steam
generated and of the steam turbine power (—47% compared to the
base case). The reduction of the solids flow rate and of the CO; flow
rate generated in the calciner also lead to a reduction of
consumption of

the HP CO, storage compressor and the auxiliaries for calciner
solids transport (—26%).

Regarding the energy balance, an overall plant efficiency of
34.7% has been obtained, i.e. 2.6% points higher than the base case
efficiency. The calculated net efficiency without energy storage also
increases to 36.0%. Due to the reduced consumption for CO, storage
compression, the differences between these two calculated effi-
ciencies and between the net power produced in “sun” and “night”
modes are also reduced.

3.3. Case 3: introduction of solid-gas heat exchangers and
intercooled compression

Compared with case 2, case 3 contemplates the use of an
intercooled main CO, compressor, which allows reducing the
consumption for CO, compression and achieving a higher cycle
efficiency thanks to the presence of the regenerator. The low-
pressure intercooled compressor is used to compress around 140
kg/s of CO, from atmospheric pressure to the carbonator pressure.
In this case, two intercoolers are assumed with an inter-cooled
temperature of 40 °C, leading to compressor outlet tem-peratures
of 73 °C from each stage. This leads to a reduction of the CO; stream
temperature at compressor outlet (g8) compared to case 2 (73 °C
instead 143 °C), which allows for a higher heat ex-change in HXG
and therefore a reduced need for cooling in cooler-3. Results for
this configuration can be seen in Table 3. By using a 2 intercooled-
stages main compressor (M-comp), electric



consumption is reduced by 6.8% and 8.8% in the “sun” and “night”
modes, respectively, which implies an overall plant efficiency in-
crease of 3.4%.

3.4. Case 4: carbonator at ambient pressure

Case 4 allows operating the carbonator at ambient pressure. As
a benefit, high temperature lock hoppers for solids pressurization
would not be necessary. On the other hand, hermetic machines and
heat exchangers to avoid air in-leakages as well as larger turbo-
machines (to handle the higher volume flow rate), larger carbo-
nator and larger heat exchangers (to compensate the decrease of
heat transfer coefficient with gas density) must be employed.
Moreover, it is expected to achieve a lower reaction rate in the
carbonator, which is favored by high CO; pressure [61].

Fig. 6 shows the case 4 scheme. M-comp compresses the CO,
stream coming from the carbonator (g13) up to atmospheric pres-
sure (plus about 0.1 bar to overcome pressure drops). Unlike in
previous layouts in which g3 and g13 compressions were made
completely in the M-compressor, in case 4 the CO; coming from the
calciner (g3) is simply blown by a fan and is directly sent to the
carbonator side, without passing through the M-comp.

As shown in Table 3, there are no big differences in terms of
efficiency between cases 3 and 4. Therefore, the most advantageous
configuration between pressurized and atmospheric pressure car-
bonator must be chosen based on techno-economic considerations
depending on the technical challenge and cost of a high tempera-
ture lock hopper system or the sealed components for a specific
facility. The techno-economic analysis is being carried out by
considering a quasi-stationary simulation to better assess the

equipment sizes and costs and will be reported in a future publi-
cation. Note that all configurations have been modelled with PR = 3.

A higher temperature is achieved at the carbonator inlet in all
cases where solid-gas heat exchangers are integrated (as shown in
Appendix), which leads to a higher temperature of heat introduced
in the thermodynamic cycle and therefore to a higher cycle effi-
ciency. As a consequence, a larger mass flow rate of CO, can be
heated up to 850 °C for power production. Thus, 133.5 kg/s of CO,
enter in the main turbine for the base case whereas in case 4 this
value is increased up to 151 kg/s.

Compared to the base case (where the global efficiency is 32.1%),
the overall plant efficiency increases for all the modified configu-
rations. As mentioned in the base case, also in these schemes an
efficiency increase is achieved when no storage and SM =1 are
considered as the high-pressure compressor is not used. Thus, it is
important to point out that the base operation mode selected for
the simulations (“sun mode”, SM = 3) represents the worst scenario
since throughout the day the solar power hitting the solar receiver
will vary and therefore most of the time less than 100 MW¢, will be
produced in the solar field. In practical operation conditions, the
net global efficiency achieved in each case will be comprised be-
tween the weighed efficiency (1/3—2/3) and the efficiency in “sun
mode w/o storage” depending on the characteristics of solar radia-
tion for the selected site and on the solar field off-design
performance.

4. Sensitivity analysis and discussion

This section is devoted to compare the performance of the four
configurations proposed for different gas cycle pressure ratio and
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number of main compressor intercoolers from the overall
efficiency perspective. Moreover, to further explore the CSP-CaL
integration, a sensitivity analysis has been carried out on case 3
about the effect of the turbine inlet temperature, CaO conversion,
steam cycle condi-tions, turbomachinery efficiency, minimum AT
in the main CO; heat exchanger, and CaO-CO; storage conditions.

4.1. Effect of pressure ratio

In this section, all previous schemes are compared to analyze the
most advantageous configuration. To this end, the pressure ratio
(PR), defined as the ratio of the carbonator pressure to the turbine
outlet pressure, has been chosen as dependent variable. Note that in
the previous section all configurations are analyzed at PR = 3.

Fig. 7 shows the resulting overall plant efficiency as a function of
the pressure ratio for the different cases and assuming a different
number of intercooling stages in the main CO, compressor (for cases
3 and 4 only). As can be seen, cases 3 and 4 clearly show a higher
efficiency than cases 1 and 2, particularly for higher pressure ratios.
This illustrates the benefits of using the multi-stage inter-cooled
compression combined with the gas cycle regenerator HXG.

The simplest configuration (base case) reaches the maximum
efficiency with PR of about 2.8, whereas in case 2 (where gas-solids
heat exchangers are considered) efficiency is enhanced to near 35%
at PR = 3.2. Gas-solids preheating allows increasing the tempera-
ture of solids stream entering the carbonator and a higher CO; flow
rate can be expanded in the main turbine (M-TURB). Thanks to the
inter-cooled compression, the overall efficiency is further increased
in case 3, reaching a value near 40% at PR between 4 and 5.
Compared to previously reported CSP-CaL schemes [8,21], this
relatively high efficiency is achieved in case 3 with a configuration
of lower technical complexity and based on equipment already
used in the cement industry, which would imply also a lower sys-
tem cost.

4.2. Effect of turbine inlet temperature (TIT), CaO average
conversion (X) and pressure ratio

As it was shown in Fig. 7, there is a carbonator pressure for which
the integration efficiency reaches a maximum, which

justifies the relevance of an analysis on the pressure and temper-
ature conditions in the carbonator to determine the optimal CaL-
power cycle integration.

Since the carbonator is directly connected to the turbine inlet,
increasing the carbonator temperature leads to a higher power
cycle efficiency. However, the maximum temperature in the car-
bonator is limited by the thermodynamic equilibrium of the
calcination-carbonation reaction (Eq. (1)). According to thermo-
chemical data, the equilibrium temperature Teq is related to the CO;
partial pressure in the carbonator environment P by means of Eq.
(6)[28]:

20474
IH(IT%%ﬂV)

where P is measured in bar and Teq in K. Thus, for a given value of P
there is a maximum carbonator temperature (Tmax=Teq) above
which the CO, partial pressure is not sufficiently high for the re-
action to be shifted toward carbonation (Fig. 8). Since in all
considered cases carbonation is carried out under a pure CO, at-
mosphere, CO, partial pressure coincides with the carbonator ab-
solute pressure.

In order to get a grip on the role of turbine inlet temperature and
pressure ratio, case 3 was simulated by considering the cycle
without storage, thus all the CO, and CaO exiting the calciner side is
sent to power production (SM = 1). The analysis also contemplates
several values of the average CaO conversion (X). This analysis is
important because of the high uncertainty on the CO, carrying
capacity of CaO under the carbonation and calcination conditions
assumed in this work. Moreover, as discussed in section 2, CaO
conversion is highly dependent on the carbonator-calciner condi-
tions as well as on the CaO precursor.

Table 4 shows the energy balance obtained by varying the car-
bonator temperature (and therefore the TIT) and the CaO average
conversion. Note that for a better understanding, these balances are
referred to the conditions without storage and therefore con-
sumption of CO, storage compressor and power generated by the
CO, storage turbine are zero.

As expected, an increase in either CaO conversion or TIT leads to
a higher overall plant efficiency. If TIT is raised from 850 °C to 950
°C the overall efficiency is enhanced by about 1.2% and 2.7%points
for X =0.1 and X = 0.4, respectively. As shown in Table 4,
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Fig. 8. Maximum carbonator temperature as a function of CO, partial pressure in the
carbonator atmosphere according to thermodynamic equilibrium (Eq. (6)).



Table 4
Energy balance for the case 3 as a function of TIT and X (SM = 1, PR= 3.5).

Parameter X=0.1 X=04
TIT =850°C TIT =950°C TIT = 850 °C TIT =950 °C
Solar thermal power (MW4,) 33.33 33.33 33.33 33.33
Heat exchangers (MWth) HRSG 3.368 4,796 4138 4.859
GS-HE1 1.279 0.868 2.072 1.693
COOLER-1 —-0.097 -0.111 -0.128 -0.137
COND —2.457 —3.499 -3.019 —3.545
COOLER-3 —5.943 -5.157 -5.719 -5.104
HXG 80.923 83.050 78.760 82.764
GS-HE2 2.891 4.299 3.261 4.077
GS-HE3 9.108 10.804 4.975 5.601
Power inlet (MWe) Main CO, turbine (M-TURB) 27.226 26.044 26.479 25.943
Steam Turbine (ST) 0.899 1.280 1.105 1.297
Power outlet (MWe) Steam cycle pump (P) —0.006 —0.009 —0.008 —0.009
Main CO, compressor (M-COMP) —13.523 -12.030 -13.335 —12.083
Auxiliaries heat calciner —-0.020 —-0.029 —-0.025 -0.029
Auxiliaries heat carbonator -0.120 —-0.105 -0.117 —0.105
Auxiliaries solids transport calciner -0.677 -0.824 -0.275 —0.291
Auxiliaries solids transport carbonator —0.677 —0.824 -0.275 —0.291
Carbonator heat (MWth) carbonation heat 19.253 23.442 25.717 27.137
reactants preheating (sensible heat) 2.217 —4.698 -0.320 -2.573
losses -0.194 -0.234 —0.252 -0.274
carbonator heat to power cycle 21.276 18.510 25.145 24.290
Power output CO, cycle (MWe) 13.704 14.014 13.144 13.860
Power output steam cycle (MWe) 0.893 1.271 1.097 1.288
Overall plant efficiency (1) 0.393 0.405 0.406 0.433
Table 5
Trends in selected streams by varying X and TIT.
X TIT =850 °C TIT =950 °C
g10 (kg/s) g1 (kg/s) s2 (T°C) s3 (T°C) g10 (kg/s) g1 (kg/s) s2 (T°C) s3 (T°C)
0.1 127.43 4.93 673.17 692.25 111.75 6.00 769.82 780.31
0.15 126.18 5.49 647.71 676.88 111.73 6.28 736.96 755.71
0.2 125.39 5.86 627.67 666.43 111.59 6.48 712.35 738.90
0.25 124.87 6.11 611.42 659.11 111.51 6.64 692.97 726.95
03 124.48 6.31 597.72 653.70 111.42 6.76 676.86 717.88
035 124.19 6.46 586.25 649.83 111.37 6.86 663.22 710.84
04 123.95 6.58 576.19 646.81 111.32 6.94 651.52 705.28

power consumptions due to solids conveying are the same in the
calciner and carbonator sides since storage is not considered in this
analysis.

As can be seen, the steam cycle production is enhanced with the
carbonator temperature. As the carbonator temperature is raised,
the temperature of the solids entering the calciner (s2) increases as
well, reducing the sensible heat required to heat them up to 900 °C
or, equivalently, increasing the CaCOs flow rate to achieve full
calcination. Thus, a higher amount of CO, can be produced in the
calciner (see g1 stream in Table 5). Furthermore, the net power
produced by the CO, closed cycle is also enhanced with the car-
bonator temperature. An increase in CaO conversion enhances the
steam cycle production albeit it does not lead to a higher net power
output in the CO; closed cycle. This is mainly due to the reduction
of CO, temperature at the carbonator inlet (Table 5) because of the
lower solids to gas ratio in the CO, preheaters, which leads to a
lower temperature of heat introduction into the gas cycle and
therefore to a decrease of the cycle efficiency. A reduction of the
CO, temperature at the carbonator inlet causes that a higher
amount of carbonation heat is used to bring the reactants to the
carbonation temperature and therefore, a lower amount of CO, can
be recirculated (g10). Table 4 shows the carbonator heat used to

preheat the reactants to the carbonator temperature. By consid-
ering TIT =850 °C and X = 0.1, a high amount of solids (compared
with the X = 0.4 case) is circulated from the calciner (at 900 °C) to
the carbonator, whose temperature is reduced. Therefore, this
solids stream carries additional heat from the calciner to be used in
the power cycle (as can be seen by the positive sign of the reactants
pre-heating thermal power in Table 4).

Fig. 9 shows the global CSP-CaL efficiency as a function of X and TIT.

The different trends followed by the overall efficiency with X in
the cases of TIT = 850 °C and 950 °C may be explained by an anal-
ysis of the CaO temperature entering the carbonator from the
calciner at 900 °C. In the case of TIT = 950 °C, a part of the energy
released in the carbonator must be used to bring the solids up to
the carbonator temperature, being this effect more important
when X is reduced (see reactants preheating power in Table 4). In
the case of TIT = 850 °C, it is not necessary to heat up the solids
since these come from the calciner at higher temperature, and
therefore the loss of efficiency by reducing the CaO conversion is
mitigated. Fig. 9 shows also efficiency results obtained by including
or not auxil-iaries' consumption. In regard to increasing the CaO
conversion, the energy consumption linked to solids conveying is
decreased, which
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Fig. 10. Storage vessels and energy density as a function of CaO conversion. CO, is
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serves to enhance the overall net efficiency. These trends are also
appreciated when overall average daily performance is considered.

As showed in section 2, the energy density of the storage system
is highly influenced by the CaO conversion, as shown in Fig. 10. CO,
vessel volume is not affected by X, but is only dependent on pres-
sure and temperature conditions. Note that the energy density is
calculated by using Equation (2), and therefore considers not only
the CaCO3 as solid material, but also the CO, and CaO vessels, the
bulk porosity and packing density of the granular solids. Thus,
energy density of the storage system infrastructure varies between
0.27 and 0.77 GJjm>.

In Table 6 three more cases, in which temperature and pressure
in the carbonator are varied taking into account thermodynamic
equilibrium restrictions (Fig. 8), are analyzed.

As can be seen in Table 6, an increase of the carbonator tem-
perature (and therefore of TIT) from 950 °C up to 1050 °C serves to
enhance the overall plant efficiency by 0.8% points due to the

increase of net power output in both the CO, and steam power
cycles. As expected, an increase of the carbonator pressure
(keeping fixed temperature) does not improve the cycle efficiency
(as seen in Fig. 7 for other conditions). According to these results,
the increase of the carbonator temperature improves the overall
efficiency, albeit it would also add a higher degree of complexity for
the tur-bine and the solid filtration system. On the other hand,
varying the PR from 3 to 9 has an important effect on the heat
exchanged in HXG (Table 6). This effect is caused by the reduction
of the CO, temperature at the carbonator inlet, which decreases
from 820 °C (at PR = 3) to 749 °C (at PR = 9) as a consequence of
the isentropic CO, expansion process. A higher CO, temperature
inlet allows a higher CO, mass flow rate to enter the power cycle
since less car-bonator heat is used to preheat the reactants to the
carbonator temperature. Thus, the CO, mass flow rate decreases
from 395 kg/s (at PR = 3) to 231.3 kg/s (at PR = 9).

As a summary, case 3 simulation results indicate that increasing
the temperature in the carbonator, and therefore the TIT, system-
atically leads to a higher overall plant efficiency. However, the
maximum temperature in the carbonator is limited by the ther-
modynamic reaction equilibrium, which depends on the carbo-
nator pressure. The process efficiency is also enhanced as the PR is
increased up to a certain value of around 3—3.5 from which a
further increase of the PR does not improve efficiency. Moreover,
increasing the CaO conversion enhances the overall efficiency
(reaching values about 43% at X = 0.4) mainly because of the sig-
nificant reduction of auxiliaries power consumption for solids
transport.

4.3. Effect of steam cycle conditions, auxiliaries consumption and
turbomachinery-heat exchangers efficiencies

Following with the sensitivity analysis, this section assesses
how the overall efficiency is affected by important parameters
whose values were fixed in previous calculations (Table 1).
Reference case conditions as well as the range of variation of these
parameters are shown in Table 7. The values of those parameters
not specified in Table 7 are left unchanged. Results of the sensitivity
analysis on overall CSP-CaL efficiency are shown in Fig. 11.

Compared to CSP-CaL schemes reported in previous papers
[8,21,37] a main novelty of the present work is the introduction of a
steam power cycle to take advantage of the high temperature CO,



Table 6

Energy balance for case 3 as a function of TIT and PR (without energy storage).

Parameter X=0.15
Tearb = 950 °C Py = 3 bar Tearb = 950 °C Pearp = 9 bar Tearb = 1050 °C Peapp = 9 bar
Solar thermal power (MW4) 33.33 33.33 33.33
Heat exchangers (MWth) HRSG 4951 4.032 5.482
GS-HE1 1.082 1.401 0.885
COOLER-1 -0.128 -0.110 —0.128
COND -3.613 -2.941 -3.999
COOLER-3 —5.283 —-4.914 —4.232
HXG 96.221 40.601 41.844
GS-HE2 4.388 3.794 5.241
GS-HE3 8.329 11.420 12.917
Power inlet (MWe) Main CO, turbine (M-TURB) 25.702 27.245 25974
Steam Turbine (ST) 1.322 1.076 1.463
Power outlet (MWel) Steam cycle pump (P) —0.009 —0.008 -0.010
Main CO, compressor (M-COMP) —11.860 —13.503 -12.167
Auxiliaries heat calciner —0.030 —0.024 —0.033
Auxiliaries heat carbonator —0.105 -0.112 —0.100
Auxiliaries solids transport calciner -0.607 —0.546 —0.640
Aucxiliaries solids transport carbonator -0.607 —0.546 —0.640
Carbonator heat (MWth) carbonation heat 25.010 22.496 26.361
reactants preheating (sensible heat) -3.714 -3.893 —10.062
losses -0.250 —0.226 —0.258
carbonator heat to power cycle 21.046 18.376 16.041
Power output CO, cycle (MWe) 13.842 13.741 13.807
Power output steam cycle (MWe) 1313 1.069 1.453
Overall plant efficiency (1) 0414 0.407 0.415
Table 7
Parameters variation throughout the sensitivity analysis on the overall CSP-CaL efficiency.
Selected scheme case 3 (section 3.3)
Main fixed parameters TIT 950°C
PR 35
X 0.15
SM 3
Sensitivity analysis Parameter Ref. value Variation ID-Fig. 11
lower limit upper limit
Rankine cycle live steam 400 °C;40 bar 360°C; 40 bar 540°C; 40 bar Rankine 1
360°C;100bar  540°C; 100bar  Rankine 2
Turbomachinery M-TURB 0.9 —5% +5% Isentropic 1
isentropic efficiency HPS-TURB 0.8 —5% +5% Isentropic 2
M-COMP 0.87 —5% +5% Isentropic 3
HPS-COMP 0.8 —5% +5% Isentropic 4
Turbomachinery M-TURB 0.98 —2% +2% Mechanical 1
mechanical efficiency HPS-TURB 0.96 —2% +2% Mechanical 2
M-COMP 0.98 —2% +2% Mechanical 3
HPS-COMP 0.96 —2% +2% Mechanical 4
Turbomachinery HPS-COMP 5 3 7 HP-ic-stage
intercooled stages M-COMP 2 0 4 LP-ic-stage
Heat exchangers minimum DT HXG (regenerator) 15°C 10°C 20°C HXG
Cooling temperature Intercoolers 40°C 30°C 50°C T-cooling
Cooler-2
Cooler-3
Heat exchangers pressure drops  Coolers 1% —-10% +10% P-drops
HXG 5%
solid-gas HX 3%
Auxiliaries Heat rejection 0.8% of heat released ~ 0.4% 1.2% Heat-rejec
Solids conveying consumption 10 M]/ton 5 MJ/ton 15 MJ/ton Solids

stream exiting the calciner for power production. For this purpose,
a simple Rankine cycle with moderate live steam conditions
(400 °C/40 bar) has been considered from the small power output
of this cycle (around 3 MW, at plant design point). Considering

these conditions, the net electric efficiency remains at 26.5%
whereas for 540°C/100 bar live steam conditions the efficiency
increases by 5% points. By computing the overall efficiency after
this live steam conditions change, the new efficiency value is 0.6%
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higher than for the reference case.

As shown in Fig. 11, the most critical parameters on the overall
efficiency are those related to turbomachinery efficiency. Thus,
increasing by 5% the reference isentropic efficiency value for the
main CO, compressor (M-COMP) the overall efficiency rises up to
44%. Regarding the number of intercooled stages, variations in low-
pressure compressor have a stronger effect on the overall efficiency
compared to the high-pressure compressor since the penalty over
the cycle caused by the former is higher. Fig. 11 shows also that
variations in energy consumption linked to solids transport plays a
significant role in the plant efficiency, as was also seen in Fig. 9.
Regarding heat exchangers, a reduction by 5 °C of the minimum
temperature difference in the regenerator (HXG) leads to an
enhancement of efficiency by 1%.

5. Conclusions

The present work is focused on an energy integration analysis of
a CSP-Cal plant. Four novel integration schemes have been devel-
oped by progressively increasing the level of complexity. Plant
operation considering solar multiples (SM) of 3 (design-point for a
constant power production throughout the day) and SM=1
(avoiding the energy storage equipment consumptions since lower
solar radiation is assumed) were tested. As no high-pressure
compressor is needed in the second case, the overall efficiency is
increased by 1.8% points and therefore showing the penalty asso-
ciated to the proposed high-pressure CO; storage system.

The base case presents an overall efficiency of 32.1%. By adding
gas-solid heat exchangers on both the calciner and carbonator sides
(case 2) the overall plant efficiency reaches a 34.7%. Furthermore, if
a 2-intercooled stage compression is used in the low-pressure
compressor (which is the equipment with greater energy con-
sumption in the plant) efficiency is enhanced up to 38.1%. Cases 3
and 4 present similar efficiencies. The optimum configuration for a
specific plant will depend on techno-economic considerations.

Results from a sensitivity analysis on the pressure ratio (PR) in the
Brayton cycle shows that the highest efficiency is achieved for PR
around 3—4.5 in all cases.

A sensitivity analysis on the effect of CaO conversion and car-
bonator pressure/temperature shows that increasing the TIT under
the limits posed by thermodynamic equilibrium enhances the
overall plant efficiency. The overall efficiency is also enhanced as
Ca0 conversion is increased (reaching values about 43% at X = 0.4),
mainly because of the significant reduction of auxiliaries power
consumption. A new expression for the energy density is proposed
in this paper, which takes into account the size of the infrastructure
(including all vessels and the packing density of solids). For the
proposed cases, the energy storage density, mainly dependent on
CO; pressure, CO, temperature and CaO conversion, varies between
0.2 and 0.9 GJ/m>.

Our study gives support to the potential benefits of using the
Calcium-Looping process for thermochemical energy storage in CSP
plants. Major technological challenges are yet to be faced for the
plant assessed in this work, especially related to the design of the
solar receiver/calciner and to the high temperature solids pres-
surization and depressurization system. In future works, a design
study of the solar receiver, hour-by-hour simulations of the plant
considering variable heat input in the solar calciner and techno-
economic analysis need to be undertaken to further assess the
feasibility and competiveness of the CSP— CaL integration.
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Appendix

Table 8 shows the main stream data for all simulated cases.

Table 8
Main stream data for the CSP-CaL integration
ID Base case Case 2 Case 3 Case 4
P (bar) T (°C) m (kg/s) P (bar) T (°C) m (kg/s) P (bar) T (°C) m P (bar) T (°C) m (kg/s)
(kg/s)
s1 1.10 850 72.19 1.20 850 5347 1.20 850 53.06 1.00 850 53.27
s1-1 - - - 1.17 718.92 53.47 1.17 718.81 53.06 0.97 718.90 53.27
s1-2 - - - 1.14 665.03 53.47 1.14 659.62 53.06 0.94 662.40 53.27
s2 1.10 850 216.56 1.14 665.03 160.40 1.14 659.62 159.17 0.94 662.40 159.80
s3 - - - 1.11 692.17 160.40 1.11 687.39 159.17 0.91 689.84 159.80
cl 1.00 900 193.75 1.00 900 143.51 1.00 900 142.41 1.00 900 142.97
2 1.00 900 64.58 1.00 900 47.84 1.00 900 47.47 1.00 900 47.66
vl 0.074 40.13 7.14 0.074 40.13 3.82 0.074 40.32 3.74 0.074 40.32 3.78
v2 45 40.53 7.14 45.00 40.53 3.82 45.00 40.72 3.74 45.00 40.72 3.78
v3 40 400 7.14 40.00 400 3.82 40.00 400 3.74 40.00 400 3.78
v4 0.075 40.32 7.14 0.075 40.32 3.82 0.075 40.32 3.74 0.075 40.32 3.78
gl 1.00 900 22.81 1.00 900 16.89 1.00 900 16.76 1.00 900 16.83
gl-1 - - - 0.97 692.17 16.89 0.97 687.39 16.76 0.97 689.84 16.83
g2 0.97 52.03 22.81 0.94 56.92 16.89 0.94 62.03 16.76 0.94 58.95 16.83
g3 0.96 40 22.81 0.93 40 16.89 0.93 40 16.76 0.93 40 16.83
g4 3.21 142.69 15.21 3.31 148.29 11.26 3.31 74.36 11.18 1.14 40 11.22
g5 75.75 123.66 15.21 75.75 124.27 11.26 75.75 124.27 11.18 75.75 124.27 11.22
g6 74.25 130 7.60 75.00 130 5.64 75.00 130 5.59 75.00 130 5.61
g7a 3.21 142.69 126.25 3.31 148.29 141.8 3.31 74.36 140.58 1.14 45.28 141.30
g7b 3.21 38.57 7.60 3.31 39.08 5.64 3.31 39.08 5.59 1.14 21.92 5.61
g8 3.21 138.83 133.72 331 143.44 142.38 331 72.78 141.19 1.14 72.81 142.14
g8-1 - - - 3.31 143.44 5.05 3.31 72.78 4.98 1.14 72.81 4.77
g8-2 - - - 3.21 665.03 5.05 3.21 659.52 4.98 1.10 662.39 4.77
29 3.05 654.1 133.72 3.14 679.55 142.38 3.14 679.54 141.19 1.08 679.56 142.14
g9-1 — — — 3.14 679.05 14743 3.14 678.87 146.17 1.08 679.00 146.91
g9-2 - - - 3.05 718.93 147.43 3.05 718.81 146.17 1.05 718.94 146.91
g10 3.00 850 126.25 3.00 850 141.8 3.00 850 140.58 1.00 850 141.30
gl1 1.00 694.53 126.25 1.00 694.54 141.8 1.00 694.54 140.58 033 694.56 141.30
g12 0.95 153.83 126.25 0.95 158.65 141.8 0.95 87.98 140.58 0.32 88.01 141.30
g13 0.94 40 126.25 0.94 40 141.8 0.94 40 140.58 0.31 40 141.30
Notation
A carbonator cross-section, m? Ti. yessel storage temperature for of the i-component, °C
Cpi specific heat, kJ/(kmol-K) TIT turbine temperature inlet, °C
Egen energy density, GJ/m> v; specific volume for the i-component, m3/kmol
& porosity of the i-component Vi storage vessel volume for the i-component, m>
F; molar flow rate of component i, kmol/s Veoz CO,, volume flow rate, m>/s
Feaco, CaCO3 molar flow rate Whet average electrical power, MWe
Fcacos.crb CaCOs5 molar flow rate (calciner side) Wnet.mgm net electrical power for the night mode, MWe
Fcao unr molar flow rate of unreacted CaO (calciner side) Wnet.sun net electrical power for the sun mode, MWe
Feo, cle CO, molar flow rate at calciner outlet Wi_Turs power produced by the main CO, turbine, MWe
Feo, crbin CO, molar flow rate at carbonator inlet War_comp power consumed by the main CO, compressor, MWe
Fco, crb. out CO, molar flow rate at carbonator outlet W hps_TURB power produced by the high-pressure CO, turbine, MWe
Frerp recirculating molar flow rate (carbonator side) W hps_comp power consumption of high pressure intercooled CO,
compressor for the storage system, MWe
Frcic recirculating molar flow rate (calciner side) Wer power produced in the steam turbine cycle, MWe
h; Enthalpy, kJ/kmol Wp power consumed in the steam turbine cycle, MWe
m mass flow rate, kg/s Whsorcar Power consumptions for solids transport in the calciner side, MWe
N cycle number Wpsorcar Power consumptions for solids transport in the carbonator side, MWe
P pressure, bar W auxpowca auxiliary power consumptions in the calciner side, MWe
Pearp absolute carbonator pressure, bar W auxpowcr auxiliary power consumptions in the carbonator side, MWe
Peq CO,, partial pressure at equilibrium, bar average CaO conversion
PR pressure ratio X residual CaO conversion
Qinput solar power input Aap pressure drop at carbonator, bar
SM solar multiple Atgun average daytime period (h)
T temperature, °C AHR (Treact) reaction enthalpy at the reactor temperature, kj/mol
Tealciner calciner temperature, °C AHY standard enthalpy of reaction, kJ/mol
Tearb carbonator temperature, °C n global net efficiency
Teq equilibrium temperature, °C ¢ packing density
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