Journal of Energy Storage 68 (2023) 107587

Contents lists available at ScienceDirect S Energ&
Storage
Journal of Energy Storage q
ELSEV[E journal homepage: www.elsevier.com/locate/est L
Research papers , )
Optimized Ca-looping thermochemical energy storage under dynamic

operation for concentrated solar power

S. Pascual, L.M. Romeo , P. Lisbona

Departamento de Ingenieria Mecdnica, Escuela de Ingenieria y Arquitectura, Edificio Betancourt, Maria de Luna s/n, Universidad de Zaragoza, 50018, Spain

ARTICLE INFO ABSTRACT

Keywords:

Calcium-looping
Thermochemical energy storage
Concentrated solar power

Daily operational performance

The massive deployment of renewable energy sources and carbon capture technologies are required to achieve
net zero emissions target by 2050. Calcium Looping (CaL) is a promising Thermochemical Energy Storage (TCES)
system which improves the dispatchability of Concentrating Solar Power (CSP) plants. CaL TCES configurations
found in literature focus on a steady-state analysis of thermal-to-electric efficiency of the CSP plants. In this work,
the operation of the CaL TCES system for a CSP plant is economically optimized taking into account the seasonal
and daily variations of solar resource and electricity prices. The defined methodology determines the operating
performance of the CaL TCES which maximize the economic incomes of the CSP and the daily profiles of energy
production and storage for representative days of the different seasons/periods of the year. Results show that it is
possible to obtain good economic results and operate the CSP + storage for a daily maximization of incomes.
Obtained results are also useful for the final design of the system and for the definition of the size required for the

storage equipment.

1. Introduction

The Calcium Looping (CaL) technology was developed in the last
decades as a capture system for carbon intensive sectors, such as fossil-
fuel based power plants [1] or cement plants [2]. More recent research
works assess CaL. carbon capture associated to bioenergy production
from wastes [3] or renewable sources as biomass [4] to achieve zero or
negative emissions. However, Barker proposed the CaL process for the
first time in 1974 as a potential Thermochemical Energy Storage (TCES)
[5]. This interest has been reactivated in the last decade to be coupled
with renewable energy sources. The roadmap reported by the Interna-
tional Energy Agency (IEA) to achieve net zero emissions by 2050 in-
cludes (i) the increase of energy storage to support energy production
and (ii) the importance of implementing low-carbon power plants [6].
Thus, the CaL system will play a crucial role in both (i) the decarbon-
ization of the energy and industrial sectors and (ii) the improving the
capacity factor of renewable power plants.

The CaL process is based in the cyclic calcination/carbonation
reversible reaction of limestone. The limestone (CaCO3) is an Earth-
abundant, cheap and non-toxic sorbent material of CO, [7,8]. The
endothermic calcination reaction of CaCO3 form calcium oxide (CaO)
and CO; (Eq. (1)). The exothermic carbonation reaction occurs when
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CaO partially reacts with CO; to form CaCOs (reverse Eq. (1)), releasing
thermal energy. After the carbonation step, a mixture of partially
carbonated solids is found where CaO and CaCOs3 coexist in the same
particle. The carbonation degree will depend on the operating condi-
tions of the CaL process which are different for CO5 capture or TCES
applications.

CaCO; (y5Ca0,) + CO; (o AH, = + 178 kJ /mol @

Under carbon capture process, the concentration of CO, is 10-15 %
v/v during carbonation reaction at 650 °C [9]. The energy demanded by
calcination reaction is usually supplied by oxy-fuel combustion at
950 °C, achieving a high CO, concentration during calcination [10].
Regarding TCES, the reactors atmosphere may reach 100 % CO, at
950 °C and 850 °C, for calciner and carbonator respectively [11,12].
High operating temperatures of CaL TCES system cause a decay of sor-
bent capacity with the number of carbonation/calcination cycles
[13,14]. Loss of porosity and pore plugging takes place, inducing ther-
mal and chemical sintering [15-18]. The loss of sorbent reactivity is one
of the main issues to be solved. The sorbent deactivation has been
extensively investigated under carbon capture conditions, developing
well-fitted carbonation models [9,19,20]. Under TCES conditions,
further experimentation is required to develop robust sorbent
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deactivation models. Several proposals have been addressed in literature
to limit the CaO activity decay for CO; capture: (i) mechanical [21,22],
thermal [23] or steam-enhanced [24] limestone pretreatments [25], (ii)
use of ZrOy [26,27] or Al,O3 [27,28] as inert stabilizers in sorbent
doping. Regarding sorbents subjected to TCES conditions, the most
developed techniques to improve sorbent conversion are based on: (i)
limestone pretreatments, such as thermal [29] or steam [30,31], (ii)
sorbent doping [32,33], even with eutectic alkali chloride salts [34] or
ZrO5 [35] as inert promoter [36], (iii) natural limestone enhancement
[17], or (iv) synthetic Ca-based sorbents development [37], even adding
dark inert substances to improve solar energy absorption [32,38,39].
Moreover, calciner and carbonator reactors can be pressurized to
minimize the deactivation of the sorbent due to sintering at high oper-
ating temperatures. A low-pressure calcination operation (0.01 bar) was
proposed by Ortiz et al. to mitigate sintering issues under calcination
and loss of sorbent capacity during carbonation step [40]. The CaL
process can be easily thermally integrated as TCES in Concentrating
Solar Power (CSP) plants, whose operating temperature is above 800 °C
[41,42]. Since the CaCO3 energy density is up to 490 kWh/t [43], the
storage capacity of the CaL process will be higher than sensible and
latent thermal energy storage systems, minimizing energy losses of
seasonal storage. Furthermore, a recent research states a lower envi-
ronmental impact of the CaL-TCES system compared to molten salts
energy storage integrated into CSP, being 40 % lower in CO3 equivalent
emissions [44].

Previous research investigated the integration of different power
cycles in CSP plants with CaL TCES. The future next generation of CSP
facilities should be coupled with high-efficient power blocks to enhance
their energy and economic feasibility, such as Brayton [45]. Thus, more
efficient power cycles are currently being developed to take advantage
of the high temperature solar energy recovery potential at carbonation
stage of the CaL TCES system [46]. Tesio et al. compares the integration
of two Brayton cycles in a CaL TCES system (supercritical CO and he-
lium), resulting supercritical CO, Brayton cycle the cheapest option and
the helium Brayton cycle the most efficient alternative [39]. Neverthe-
less, the most suitable power cycle for actual ongoing applications is the
steam Rankine cycle [47]. In general, these works analyze the system
under stationary operation. However, the variability of solar resource
lead to a dynamic operation of the CaL TCES that strongly influences the
design and size of the plant equipment as it has been demonstrated
elsewhere [48]. More recent investigations of the CaL TCES system in-
tegrated in CSP plants is focused on the plant capacity factor improve-
ment, minimizing the facility investment cost. The dispatch
enhancement is provided through (i) the combination of solar power
technologies, CSP and photovoltaic (PV) plants [49,50], (ii) the over-
sizing the solar field [51] and (iii) the integration of CSP with combined
cycle plants [40,52,53]. The hybridization between solar power tech-
nologies (CSP and PV) is proposed by Bravo et al., reaching up to 73 %
capacity factor [50]. Under solar energy availability, energy demand is
supplied by CSP and PV technologies. The energy stored by the CaL
TCES system during the day is recovered when solar power technologies
are shut down [49,50]. An operational multi-objective optimization is
applied to maximize the produced net power per year with the minimum
financial and energy cost, being the input variables the hourly solar
power availability, the minimum energy demand and economic data.
The optimum technical and economic performance and the hourly en-
ergy demand are the result of the multi-objective operational method-
ology, achieving an overall efficiency of 33.8 % [49]. Secondly, the solar
field oversizing is investigated by Tregambi et al. to store the recovered
energy at night when solar energy is available, considering an steady
state operation with 12.1 h of sunlight [51]. The most recent integration
of CSP with combined power block is proposed by Ortiz et al. to improve
the plant capacity factor [53]. Under sunlight hours, the CSP plant
provides thermal energy to the CaL TCES system to store energy and to
the combined power cycle to supply energy demand. When solar energy
is unavailable, the stored energy is recovered to supply energy demand
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[52]. The applied operational methodology is based on recovering the
energy stored within sunlight hours at a constant rate during the night.
The hourly energy demand is shown as a result within four selected days
with different solar radiation, achieving an overall efficiency of 45 %
[53]. Moreover, Ortiz et al. assess the CaL. TCES system operation under
a recent proposal based on low-pressure calcination within the inte-
gration of CSP and combined power blocks [40]. The CaL TCES opera-
tion is analyzed within typical spring and summer days, obtaining the
daily pattern of demanded energy, stored energy and efficiency (above
30 %). The energy stored during solar energy availability is propor-
tionally recovered at night [40], as in most of the previous research.
Since the solar resource varies hourly, daily and seasonally, most of the
research found in literature assesses typical days/months or the year as a
whole to optimize design and minimize the required size of the plant
equipment and its corresponding investment cost. In these works, the
energy stored during sunlight hours is proportionally retrieved during
the night or when solar power is unavailable, dismissing energy demand
patterns to set the best operating strategies.

As highlighted, there is a gap in the analysis of dynamic operation of
the Cal TCES along the day. This work contributes to the study of
transient operation when applying CaL TCES to CSP and both, the solar
energy available and the hourly electricity price varies depending on the
season of the year and the hour of the day. Therefore, the novelty of this
work relies in the definition of the methodology to decide the operation
points of the CaL. TCES system along the day/year while optimizing the
economic revenue of the associated CSP plant without power supply
backup. The CaL TCES configuration proposed in the present study does
not contemplate the oversizing of either the storage tanks or the solar
field. The energy storage is designed to balance the solar energy avail-
ability with the energy demand variability, maximizing the economic
and energy performance of the CaL TCES system. The novel operating
methodology proposal could be able to define a realistic operational
pattern of the CaL TCES system integrated into CSP plants. Besides, an
ideal threshold scenario of total separation of carbonated solids scenario
is considered in this study [54,55], minimizing the energy penalty
associated to the circulation of a large inert solid material [56] due to
the low carbonation activity [57] and the plant size and investment cost.

The aim of the present study is to define a systematic methodology to
maximize the daily incomes derived from electricity production of the
CSP plant associated to the CaL TCES. Besides, adequate criteria are
defined to select the representative days to apply the operating meth-
odology, considering days of minimum and maximum daily average
solar irradiation and daily electricity prices. The assessment of the CaL
TCES system operation with the established methodology provides the
estimation of: (i) the daily thermal energy production profile and its
corresponding incomes from electricity sales; (ii) the daily storage
evolution of the gas and solids; and (iii) the daily operating pattern
maximizing the efficiency of the system.

2. CaL TCES system description

The Calcium-Looping thermochemical energy storage system under
study is illustrated in Fig. 1, and described in detail [55].

An ideal scenario of total separation of solids after carbonation step is
assessed in this study leading to the minimization of energy penalty
associated to solids management. The main equipment involved in the
CaL TCES system are: (i) Calciner and Carbonator reactors, (ii) Solids
Separation Unit (SSU), (iii) Storage Tanks of CO; (ST3), CaO (ST2) and
CaCOs (ST1) and (iv) Heat Exchangers (HE).

2.1. Selected location and solar resource

To illustrate the methodology with an example, a location has been
selected for this study, the PS10 solar thermal power plant (37.443°N,
6.25°W) at Seville (Spain). The component of solar irradiation captured
by heliostats is the Direct Normal Irradiation (DNI) [50], extracted for a
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Fig. 1. Conceptual scheme of the CaL TCES system under study.

Typical Meteorological Year (TMY) from the Photovoltaic Geographical
Information System (PVGIS) tool of European Commission [58]. The
DNI data from a TMY with hourly time-steps and the solar field design
provide the hourly solar power supplied to the CSP plant throughout a
year. The hourly solar power reaches the calciner, Qsorar(h), and this
power is determined through Eq. (2), using the hourly Direct Normal
Irradiation (DNI in MW/m?), the annual optical efficiency of the solar
field (74pc,), the annual thermal efficiency of the solar receiver ()
and the Solar Field Area (SFA in m2).

QSOMR(h) =DNI(h) e Nopty ® Niher.y ® SFA (2)

A reasonable solar field area of 290,482 m? is assumed with an
annual optical efficiency (,,,) of 64.7 % and an annual thermal effi-
ciency () of 92.8 %. The optical and thermal efficiencies values
correspond to the annual performances of the solar field of the PS10
solar power plant [59].

2.2. Calciner

The calciner, located inside the solar receiver, operates at 950 °C
under pure CO, atmosphere at 1 bar to ensure the complete decompo-
sition of CaCO3 into CaO and CO, [60]. The selection of the calciner
nominal size (Qcy, o) Must maximize the solar thermal energy input for
the selected location. The Load Duration Curve considering the provided
solar irradiation data and solar field design is represented in Fig. 2 where
the black curve represents the hourly solar power, Qsorar, versus the
number of operation hours per year in which this power is available.

The optimal calciner size is obtained through the maximization of
the grey area in Fig. 2, that represent the energy available for the
calciner (the product of power available and number of hours). The
maximum solar thermal energy supplied to calciner at nominal load
(Ect,nom = 222.6 GWh). The nominal calciner power, Q'CL,,wm, equals the
solar power which provides this largest amount of energy, Qsorar (Frnom)
where hyom represents the sunlight hours at nominal load for such

calciner size, satisfying the condition given in the Eq. (3):
ECL.m)m (hrmm) = max{ECL(h) |h € Rh > O} (3)

The obtained calciner nominal size (Qnom) is 100MWth and a
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Fig. 2. Load duration curve: the shaded areas represent the thermal energy
received in the calciner at full or partial load.

calciner of such size can operate at nominal load during 2226 h per year
in the selected location. Besides, the calciner can operate at partial loads,
supplying the thermal energy represented by the stripped area (Ecr,pqre
=78.3 GWh). The discarded surplus solar energy (Eci, gisc = 76.8 GWh) is
the solar resource not used above the calciner nominal load.

The heat received into the calciner (Qc;) is fully used to heat up the
inlet stream to 950 °C and provide the required heat to the calcination
step. The calciner inlet streams include (i) the fresh limestone (stream
33) and (ii) the CaCOj3 diverted from the Solids Separation Unit (SSU) or
the Storage Tank ST1. The fresh limestone (stream 33) counterbalances
the purged CaO (stream 32) fed into the system to avoid a quick deac-
tivation of the sorbent with the number of calcination/carbonation cy-
cles and to keep a reasonable average sorption activity of the solid
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population in the carbonator. The sorbent purge (f,) is given as a fraction
of the CaO molar flow produced in calcination reaction. The CaO
(stream 1) and CO, (stream 21), produced in the calciner, can be
directed to the carbonator or to their corresponding Storage Tanks (ST2
and ST3), according to the carbonator energy demand.

2.3. Carbonator

The carbonator operation pressure is slightly above the atmospheric
pressure (1.2 bar) to facilitate the solids circulation between calciner
and carbonator [61]. The exothermic carbonation reaction occurs at
850 °C under pure COy atmosphere. As in COy capture applications,
there is a decay in sorbent conversion and the average sorption activity
of the population of particles circulating in the system has been calcu-
lated through Eq. (4) where Xy is estimated using the carbonation decay
model of Valverde et al., Eq. (5) [19,20], adjusted to experimental data
obtained at calcination/carbonation conditions for this application [54].
The experimental carbonation tests were performed in a Fluidized Bed
(FB) considering 850 °C for carbonation and 950 °C for calcination, both
under pure CO5 atmosphere and Sardo limestone as sorbent [54].

Xave:ZrN.XN ()]
1
X,
Xy=— L i x 5
N j+k'(N—1)+ (5)
X

The parameters (k, X, and X;) were determined using a least squares
regression and the best fit curve is represented in Fig. 3a. After 20 cycles,
the conversion drops to 0.088, considering a deactivation constant (k) of
1.10 and a residual conversion (X;) of 0.06. Once the CaO average
sorption capacity is calculated (Xgy.), the CO; capture efficiency can be
determined through Eq. (6) using the Ca/C molar ratio (R) introduced
into the carbonator.

= Xue'R (6)

Meapt

The value of R is imposed when the nominal power in the calciner
(Q'CL,,wm), the CaO purge fraction (f,) and the storage and discharge
flowrates of CaO and CO; are defined. A sensitive analysis of the spent
material purge flowrate was carried out to assess the behavior of both
parameters and select an adequate purge, Fig. 3b.

Large Ca/C molar ratios (R) improve the carbon capture efficiency
but in carbon capture systems also increase the cost of the system due to
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Fig. 3. (a): Best fit curve from Eq.
for different purges.
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a more intensive solid circulation [62]. In literature it has been proposed
to combine CSP with cement industry to reduce costs [63]. Besides, lab-
scale facilities for carbon capture in the range of 10-75 kWth have re-
ported successful operation of the process with calcium looping ratios
between 7 and 18, whose power is close to industrial scale [64,65].
Therefore, a value of CaO purge (f,) of 4 % corresponding to a Ca/C
molar ratio (R) of 7.28 and an average sorption capacity of 13.21 % has
been chosen to obtain a carbon capture efficiency above 90 %. Under the
selected operating conditions, the maximum power released from the
carbonator achieves 88 MWth.

2.4. Operation of the system

The CaL TCES system operates within two modes: energy storage and
energy release. When the system works in Energy Storage Operation
Mode (ESOM), the calciner load is higher than the carbonator load.
Therefore, the CaO and CO; from calciner are partially stored and
limestone from Storage Tank ST1 must be discharged to supply the
amount of CaCOs required for the calcination reaction. Whenever the
system operates under Energy Retrieval Operation Mode (EROM), the
calciner load is lower than the carbonator load. Thus, the discharge of
CaO particles and CO2 from the Storage Tanks ST2 and ST3 to the car-
bonator is required. In the same way, the CaCO3 from the SSU must be
partially stored since the available solar resource (calciner load) is not
enough to calcine the total amount of limestone formed in the
carbonator.

A given operating point is completely defined by the pair of calciner
and carbonator loads and the storage/discharge fractions of CaO or
CaCOs. There exist many possible combinations of storage/discharge
fractions which lead to a specific pair of calciner/carbonator loads.
However, not all of these operation points are considered technically
feasible and an operation map of the facility has been constructed [55]
meeting four criteria:

e C.1. The heat exchangers HE-EE, Fig. 1, must always release thermal
energy with heat losses of 2 % of the exchanged power. However, the
heat exchangers HE-ER must always require a thermal energy
supply.

e C.2. Under ESOM, no storage of CaCOj3 is allowed. Whereas under
EROM, the CaO and CO, streams from calciner are not stored but
fully directed to carbonator.

e C.3. Regarding size equipment and whenever possible, a minimum
partial load of 50 % (carbonator, HE-EE-CO2, HE-EE-CaO and HE-
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(5) to experimental data under FB conditions. (b): Sorbent average activity and Ca/C molar ratio under 100 MWy, calciner power
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EE-CaC03) and a maximum energy demand of 50 % (HE-ER-CaCO3)
are established for equipment with high nominal power. However,
the full energy storage mode is also contemplated.

e C.4. The selection of a single operating point for each pair of
calciner/carbonator loads, among those technically possible ones,
must maximize the efficiency of energy availability (14,) for EROM
and energy storage efficiency (y5) for ESOM [55].

3. Methodology

The proposed methodology includes (i) the selection of representa-
tive days within a standard year in a specific location, which depends on
solar resource (DNI) and Electricity Prices (EP) as variable inputs and (i)
the formal economic optimization under several constraints to maximize
the daily incomes for a specific case study, being influenced by the
recovered energy from the Cal TCES system. The constraints of the
dynamic operating methodology are focused on the maximization of
energy performance and the daily net balance of the stored energy
without backup energy supply. The defined operational methodology is
coded and implemented by a genetic method included in the Engi-
neering Equation Solver (EES) software [66]. The daily patterns of
stored and recovered energy and the operation of the CaL TCES system
are the result of the novel operating methodology based on solar power
and energy demand variability.

3.1. Selection of representative days

The novel dynamic operating methodology is able to manage vari-
able inputs from any specific location. The operating model inputs are
the solar radiation in a specific location and the electricity price gov-
erned by the country energy market in which the CSP facility is located.
A case study is analyzed to extract quantitative results from the opera-
tion methodology application in a specific location with defined profiles
of solar radiation (DNI) and energy demand (EP). Eight representative
days which cover different potential conditions throughout the year are
selected to validate the operation pattern of the Cal TCES system
derived from the proposed methodology. The selected days cover
maximum and minimum of DNI and EP for different seasons of the year,
whose description is shown in Fig. 4.

The daily solar resource input is extracted from PVGIS tool [58] at
the Spanish province of Seville, as described in Section 2.1. The
maximum and minimum daily average DNI are found during summer
and winter time. The minimum daily average EP usually corresponds to
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spring or autumn days. The electricity prices data are extracted for a
standard year (pre-war and pre-pandemic) from Spanish electrical grid
(Red Eléctrica Espanola - REE) [67], which have been collected for each
hour throughout the year 2019.

Regarding the solar radiation along the representative days, two
restrictions have been assumed. The average number of sunlight hours
of the location selected (Seville) ranges between 9 and 14 h according to
Spanish Geographic Institute (IGN) [68]. Besides, the representative
days must allow a continuous supply of energy to the solar receiver
during the sunlight hours. Very cloudy extreme days are discarded. Once
the representative days are selected, the hourly EP and DNI data are
extracted from the databases. The electricity price and solar radiation
pattern under each representative day selected are defined in Table 1.

The spring and autumn minimum daily average EP representative
days (SPgp,min and AUgp min) have an EP profile with significant gap
between the minimum and maximum hourly EP (EPyax — EPpin) of
41.36 €/MWh and 33.76 €/MWHh, respectively. While under the spring
and autumn maximum daily average EP representative days (SPgp,max
and AUgp,max), the EP profile is uniform without sharp variations along
the day. The days selected within spring have similar solar radiation
(7626.91 and 8564.28 MWh per day for SPgp min and SPgp max, respec-
tively). In the same way, the autumn representative days present a daily
average solar radiation between 202 and 270 MWh.

The summer and winter minimum average DNI representative days
(SUpni,min and WIpnimin) have the second and first lowest total solar
radiation (4448.56 MWh and 1216.30 MWh) within the selected days,

Table 1
Main characteristic values of the daily input variables (EP and DNI) under the
representative days.

Representative days Electricity price (EP) Direct Normal Irradiation (DNI)

EPgae  Gap® DNlgave  DNIg,rotal
(€/MWh) (MWh)
Spring SPEP,min 29.69 41.36 317.79 7626.91
SPEp, max 58.43 5.47 356.85 8564.28
Autumn AUgp min 18.88 33.76 202.17 4852.02
AUgp max 57.84 19.65 269.46 6467.13
Summer SUpNI,min 36.29 15.22 185.36 4448.56
SUpNI,max 50.95 11.5 437.85 10,508.29
Winter WIbNi,min 32.72 28.28 50.68 1216.30
WIbnNi,max 48.77 17.5 339.15 8139.67

? Range between maximum and minimum hourly Electricity Price (EPyax —
EPrmin).

SELECTION OF REPRESENTATIVE DAYS

y

RESTRICTIONS:
1. Number of sunligth hours per day must be equal or higher than minimum daily sunshine hours location selected
2. The solar power availability at calciner receiver must be continuous during sun hours

v

v

Spring and Autumn reference parameter:
Daily average Electricity Price (EP)

Summer and Winter reference parameter:

Daily average Direct Normal Irradiation (DNI)

l

v

SPRING

v

AUTUMN

Minimum daily average
EP (SPEP,min)

Minimum daily average
EP (AUEP min)

Maximum daily average
EP (SPEP,max)

Maximum daily average
EP (AUEP,max)

v

SUMMER

Minimum daily average
DNI (SUpNI,min)

Maximum daily average
DNI (SUDNI,max)

Fig. 4. Criteria for the selection of representative days.

v

WINTER

Minimum daily average
DNI (WIDNI,min)

Maximum daily average
DNI (WIDNI,max)
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respectively. The summer maximum daily average DNI (SUpni,max) is the
representative with the highest daily average solar radiation (437.85
MWh). While the winter maximum daily average DNI representative day
(WIpni,max) profile similar to the days selected within spring season. The
EP profile is smoother during SUpni,min, SUpN1,max and WIpni,max repre-
sentative days with a gap of 15.22, 11.50 and 17.50 €/MWh between
minimum and maximum hourly EP, respectively, than along WIpni min
representative day (28.28 €/MWh).

The hourly DNI data within each representative day is used to
determine the hourly available solar heat power (Qsor4r), applying Eq.
(2). The solar power invested in the calcination reaction (QCL) represents
the power supplied to calciner receiver, discarding the surplus of solar
power above the nominal calciner power (Qcy pisc)-

3.2. Economic operating methodology
The economic methodology applied to maximize the daily incomes is

illustrated in Fig. 5. After gathering the input variables of the specific
case study (DNI and EP), the novel dynamic operating methodology is
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assessed under each selected day. The dynamic operation methodology
aims to maximize daily financial income, which is directly related to the
recovered energy from carbonator to supply the energy demand. Input
data include the daily EP profile and the available solar power in the
calciner, as described in blue area of Fig. 5. The available solar energy is
determined from the DNI of the specific location for each day and the
daily EP profile corresponds to the assessed day. Grey area of Fig. 5
represents the core of the operating model. Constraints related to the net
balance of the daily stored energy and the CaL TCES operation are
assumed. A constant storage level is kept at the beginning and end of the
day (Estgop = Estron). The second constraint forces the CaL TCES system
to only operate at points that maximize energy efficiency within the
operation map, meeting the criteria described in Section 2.4. A genetic
method incorporated in the EES software is applied to maximize the
daily income (Iny) as target variable per each representative day. Besides
the incorporation of the input data per each representative day and the
constraints to the EES software, the maximization algorithm requires to
set the lower and upper bounds of independent variables and three in-
ternal parameters. The independent variables are the carbonator load
(L¢r) for all the hours per day, given the relationship between the target

INPUTS: Hourly data extracted per each representative day
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Y

180 +—————t—————70
Q,

160 o1 gec i
1 a Leo
_ 140] oL |
g 1201 EP 5o _
<1001 o -‘“’g
o 801 g/ »30%
< 60\ b
o\ /7

J 405\ |
20] \/ t10
ol |,

0246 810121416182022
Time (h)

METHODOLOGY: Maximization of economic benefit per representative day

v

TARGET VARIABLE: Daily Incomes (Ing) |

¥

ASSUMED RESTRICTIONS

1. Stationary operation:
Stored energy at the end of the day
must be constant

(Est,BoD = Est,EoD)

08 “Tos
07 07

y

2. Operation map:

CaL-TCES operation =2 22
points must meet criteria  ~o¢| o
section 2.4. 2 | = EROM 02

0 0.0
0.00.1020.30.405060.70.80.9 1.0

o

MAXIMIZATION METHOD
Genetic method. Engineering Equation Solver (EES) software

OUTPUTS: Hourly distribution within each representative day of

v v v
ENERGY PRODUCTION STORAGE PROFILE OPERATION
BASED ON PRICE OF GAS AND SOLIDS PATTERN

(a)

Heat released from carbonator
(QcRr) and the whole CaL-TCES

system (Qay)

(a) Reactors (Lgy, Lcr)
and storage/discharge
loads (Lst, Lgch)

(a) Operating points

(b)

Incomes provided by carbonator
(Incr) and the whole CalL-TCES

system (Inay)

(b) Volume stored in ST1

(Vcaco3), ST2 (Vcao),
ST3 (Vcoo)

(b) Thermal energy
storage (nst) and
availability (nay)

efficiencies

Fig. 5. Daily incomes maximization methodology flowchart. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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variable and the energy recovered from the carbonator. The three in-
ternal parameters must be set to their maximum value to reach the
greatest robustness in the optimization calculations. As a result of the
dynamic operation model (see green area of Fig. 5), the daily profiles of
recovered and stored energy are obtained, as well as the operational
map of each selected day that maximizes the economic and energy ef-
ficiency of the CaL TCES system.

The objective function pretends to maximize the daily incomes (Iny),
calculated as the sum of the product of the electric power retrieval and
the EP for all the hours of the day. Two possibilities have been consid-
ered. The first one is only related to the heat released in the carbonator
(Eq. (7)) and the second one to the heat released in the carbonator
together with the rest of available heat from the heat exchangers (Eq.
(8.

Ocr. . 3
Inepp = —4 o Nsgpc ® EPy;being Ing = Zh:()lnam @)
CR nom
) + ) ) 23
Ingy, = W ® fgrpc ® EPy; being Ing = tholnwﬁ (8)
CR.nom

The hourly incomes generated by carbonator thermal energy (Incg )
and the total available energy (Inay,n) are presented in €/h per MW
installed in the carbonator, considering a thermal performance of 35,55
% for a steam Rankine power cycle (17sgpc) associated to the CaL TCES
system [47]. For both income calculation expressions, the same thermal
to electrical conversion was considered since the carbonator and heat
exchangers named EE release heat at high temperature. The carbonator
always releases thermal energy at 850 °C. The EE heat exchangers can
release heat from 950 to 50 °C, with the greatest heat availability be-
tween 950 and 200 °C [55]. Thus, the high-temperature heat from the
CaL TCES system can be well integrated into a steam cycle.

The main constraint applied to the daily incomes maximization
problem is the daily conservation of the stored energy (constant amount
of stored energy at the end and the beginning of the day). The selected
optimization range is one day (24 h) although the methodology could be
applied to a different timeframe. Evidently, the storage silos will
accordingly increase their size when the considered period is higher. The
second restriction focuses on the operating points under each pair of
calciner/carbonator loads. The CaL TCES system must operate within
the operating map, meeting the criteria of Section 2.4. Under any
calciner load, the energy released from the carbonator rises when car-
bonator load increases. The maximization of daily incomes will be
achieved when the carbonator is operated at full load during those hours
with highest EP. Thus, there may be hours of the day when no energy is
retrieved by the carbonator or the whole system is disconnected.

The EES software was used to maximize the target variable (Ing)
through a genetic method [66]. The genetic algorithm is provided by the
public domain Pikaia optimization program developed by Paul Char-
bonneau and Barry Knapp at National Center for Atmospheric Research
(NCAR) [69]. The algorithm inputs are (i) the independent variables
(Lcr for all hours of a day) and its bounds (from 0 to 1) and (ii) the values
selected for the three parameters of the genetic method. The parameters
in the genetic method are the number of individuals and generations and
the maximum mutation rate, which allow to identify the optimum value
for the maximizing variable. The higher the value assigned to the pa-
rameters of the genetic method, the greater the computational effort and
the greater the robustness of the optimal result. For this work, the values
set for the three parameters are their maximum possible values (256
individuals, 2048 generations and 0.7 the maximum mutation rate).
Once the input variables and parameters value are set, the best solution
for the maximization of the target variable will be found when the
computing calculations finish.

As results, the operational loads of carbonator and calciner are ob-
tained together with the daily storage profile. The volume stored of CO»,
(Eq. (9)) CaO (Eq. (10)) and CaCOs (Eq. (11)) is hourly obtained and the
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final design and sizing conditions of the CalL. TCES system could be
calculated.

m

Voo = ——2C00 9

Pcoa (35°C75bar)

m

Vewon = ————00—— 10)

Pp.cac ® (1—eq)

My Ca

Veacoss = 5t,CaCO3 an

Pp.cacos ® (1—éq)

The hourly stored volume of CO3 (Voo p) is calculated as the relation
between the hourly amount of stored COg (M co2x) and the CO, density
at 35 °C and 75 bar conditions [55] (pco2 (35°¢,75par) = 273.71 kg CO2/
m°3). The CaO and CaCO3 hourly stored volume (V¢q0,n and Veacos n) are
calculated considering the effective particle densities of fresh material
(pp,ca0 = 1793 kg CaO/m® and pp,cacos = 2930 kg CaCO3/m? [54]) with
a void fraction (e5) of 0.30 in the Storage Tanks ST2 and ST1 [70]. The
fresh material is assumed to occupy the maximum possible volume [54].

4. Results and discussion

Results include the determination of: (i) energy production, (ii)
stored volume of gas and solids and (iii) operational pattern within the
operation maps.

4.1. Daily distribution of energy production based on electricity price

Under each representative day, the hourly distribution of the energy
production and the incomes derived from the heat generated by the CaL
TCES system are determined. In the Appendix section the complete set of
figures for the eight selected representative days can be consulted (see
Figs. A.1, A.2, A.3 and A.4). The yellow area corresponds to the profile of
the solar power available at calciner receiver (Qc;), whereas the orange
area represents the surplus of solar energy which is discarded (Qa,mscl

The dotted curve represents the energy released in the carbonator (Qcg)
and the corresponding incomes (Incg). While the dashed curve reports
the energy released in the carbonator and heat exchangers named EE
(QAV) and the incomes related to the thermal energy available in the CaL
TCES system (Inay).

The thermal energy production (Fig. 6a) and the obtained incomes
(Fig. 6b) for the representative day with the minimum daily average EP
in spring (SPgpmin) are illustrated in Fig. 6. During the hours with
maximum EP (two peaks around 9 and 21 h), the energy released in the
carbonator corresponds to the maximum possible heat retrieval. When
EP is low and there is solar resource available (6-8 h and 14-17 h), the
energy is stored, although due to the heat exchanger of the systems part
of the energy could be used and Q,y is bigger than Qcg. This storage
stage remains in operation during the whole period as the solar resource
extend up to 19 h. The available energy daily incomes achieved by SPgp,
min (21,411.35 €/day) are almost 70 % higher than AUgp min (see Fig. A.1
and Table A.1 in Appendix, 12,711.13 €/day).

The thermal energy production (Fig. 7a) and the incomes (Fig. 7b)
for the representative day with the maximum daily average EP autumn
(AUgp max) are illustrated in Fig. 7. In this case the EP is nearly constant
during the majority of the day leading to a different operating scheme.
Again, it is evident that the operation follows the EP pattern. During the
first hours of operation, stored energy must be retrieved to operate the
carbonator until solar resource is available to generate further CaO and
CO». The carbonator is off between 14 and 16 h to save stored energy to
be retrieved when the electricity price is increased by the end of the day.
As available solar resource is strongly reduced and EP decays at 17 h, the
whole system is switch off. Then, the system is switch on to operate
between 18 and 20 h at elevated EP. The highest available energy daily
incomes are again achieved for the SPgp max (see Fig. A.2 and Table A.1),
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18 % greater than AUgp max (28,943.56 €/day).

Figs. 8 and 9 illustrate the hourly thermal energy production for
winter and summer under minimum and maximum DNI (complemented
with the information in Appendix: summer minimum DNI (SUpni,min) in
Fig. A.3 and winter maximum DNI (WIpnymax) in Fig. A.4). During the
representative day with the minimum daily average DNI for winter
(WIpni,min), the system stores energy during the whole period with
available solar resource to retrieve the energy at around 18 h when the
maximum EP of the day is found. In this case, the solar radiation pattern
is remarkably irregular with sharp variations between consecutive
hours. It is observed that, the less daily solar radiation, the greater the
concentration of energy production in certain hours. As previously
highlighted, the storage stage also releases available thermal energy
(Qav > 0). These profiles allow to size the storage system as presented
latter in the manuscript. The comparison between representative days
with minimum DNI in summer (Appendix Fig. A.3 and Table A.1) and
winter show an expected and abrupt difference of daily incomes; being
186 % greater in summer (16,692.81 €/day) than in winter (5826.95
€/day).

Finally, Fig. 9 show the most favourable case: summer representative
day with maximum daily average DNI under a smooth hourly EP

scenario. Energy production is shown in Fig. 9a while incomes are
illustrated in Fig. 9b. There is a delay in the performance of the system to
adjust to the maximum EP. The storage of energy begins at 6 h while the
carbonator is started up at 8 h and shutted down by the end of the day
(23 h). The highest available energy total incomes are achieved by
SUpnNi1,max (33,363.56 €/day), being 17 % greater than WIpni,max day (see
Fig. A.4 and Table A.1 in Appendix).

As observed under every representative day, the methodology
implemented to maximize the daily incomes promotes a distribution of
energy production in those hours with the highest electricity prices. The
energy retrieval is concentrated in those hours with the highest EP. With
high solar resource availability and a uniform EP profile, the energy
production is the greatest with minimum operational outages in the
carbonator. However, with sharp variations of EP, the energy produc-
tion is concentrated in the highest EP peak or peaks, which tend to be
concentrated early in the morning (8 h) or/and at the end of the day (21
h). Regarding the available energy (Quy), the CaL TCES system only
releases energy from heat exchangers EE-CaO, EE-CaO-P and EE-CO2
(see Fig. 1) under full storage mode with the carbonator off. Thus, if
the carbonator operates from sunset to the end of the day due to high
hourly EP, the CaL TCES system can release energy continuously from
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Fig. 9. Energy production (a) and incomes (b) under summer maximum daily average DNI (SUpny,max)-

sunrise to the end of the day.
4.2. Daily storage profiles of gas and solids

With the obtained results, it is possible to determine the hourly
amount of CO,, lime and limestone stored under each representative
day. Two representative cases corresponding to Winter minimum daily
average DNI and Autumn maximum daily average EP are shown in
Figs. 10 and 11 while the whole set of figures for the rest of represen-
tative days is included in the Appendix (see Figs. A.5, A.6, A.7, A.8, A.13
and A.14).

The left plots represent the daily profiles of calciner/carbonator
loads and storage/discharge loads. The calciner load (L¢y) is represented
by the yellow area. The discharge load (L4.p) covers the brown area. The
sum of the calciner and the discharge load areas represents the total
energy input supplied to the CaL TCES system. The storage load (Ly)
corresponds to the striped area which represents the energy stored; the
difference between the instantaneous solar energy and the energy
released in the carbonator. The solid curve shows the daily carbonator
load evolution. The total area covered by stored energy and carbonator
heat release is equal to the energy supplied load (calciner heat and

energy retrieved from storage tanks) to the system, considering energy
losses. In the right plots, the calciner and carbonator loads are repre-
sented by the yellow area and the black solid line, respectively. The
dashed-dotted curve illustrates the daily variation of the CO5 volume in
the Storage Tank ST3 and the dashed curve presents the daily profile of
CaO volume in the Storage Tank ST2. The evolution of the volume stored
of limestone in the Storage Tank ST1 is represented by the dotted curve.

Fig. 10b shows the hourly amount of CO», lime and limestone stored
and their variation along the day for AUgpmax. Initially, tanks are
partially loaded and this stored energy is retrieved during the first
operational hours (6 h-7 h) as illustrated in Fig. 7. The Storage Tanks
ST2 and ST3 (V¢q0, Vcoz) are completely emptied during this period.
Once solar resource is available, those tanks are progressively re-filled
while ST1 (V¢qco3) is emptied. At 16 h a maximum stored volume is
reached for ST2 and ST3 (V¢q0, Vcoz) and this energy is retrieved in the
following hours. These maximum stored volumes are significant values
for the design and sizing of the CaO and CO; tanks. The same happens
with the CaCO3 tank at 7 h where the maximum required volume is
achieved. Table 2 shows the maximum volume achieve during each day
selected for the operating methodology assessment.

The daily storage/discharge energy loads (Fig. 1la) and the
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evolution of the storage level (Fig. 11b) for the representative day in
winter with minimum daily average DNI (WIpni,min) are illustrated in
Fig. 11. The energy is stored during the first sunlight hours (6-16 h) to
be progressively retrieved along the rest of the day (16-19 h). The en-
ergy storage profile of the WIpnymin day has lower maximum volumes
stored than AUgp max given the lower solar energy availability. Under
WIpNi,min, the largest stored volume of CO; and CaO are achieved at
sunset (16 h).

The maximum stored volumes are reached in the AUgp min repre-
sentative day (see Fig. A.5 in Appendix), in which the energy is stored
during practically all the hours with solar radiation availability. The
limestone Storage Tank ST1 will require of at least 651.34 m® (1335.90
tons), analyzing the representative days selected. The maximum stored
volume of limestone is 13 % lower than the maximum stored volume of a
mixture of solids (1535 tons of CaO + CaCO3) found in literature under
the same calciner size (100 MWth) and operating conditions (950 °C and
1 bar) [53]. Besides, the maximum amount of CaO diverted to storage in
a representative day with high daily DNI (1373 tons) appeared in Ortiz
et al. [53] is 45.5 % lower than the maximum stored volume of lime

under AUgp min day (748.49 tons) assessed in the present work. Thus, the
recirculation of unconverted CaO particles, proposed in Fig. 1, will
minimize the size of the solids storage tanks (ST1 and ST2).

4.3. Daily operating pattern/sequence

Once the economically optimal operation points are found for the
different hourly conditions of the facility, their representation upon the
operation maps will allow to visualize the path and the evolution of the
storage and discharge efficiencies along the day. The hourly operating
points are represented as black dots upon the operation maps under
ESOM (green area) and EROM (brown area) described elsewhere [55].
The calciner and carbonator loads are again represented by the yellow
area and the black solid line, respectively.

The daily operation pattern under the representative days of spring
minimum and autumn with maximum daily average EP (SPgp min and
AUgp max) are illustrated in Fig. 12. The operating profile during SPgp min
representative day changes. During the first hours of the day (0-7 h) the
carbonator is disconnected. Thus, solar resource supplied in this period

10
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Table 2
Maximum stored volumes per each representative day.

Summary of daily storage profiles results

Representative days Maximum stored volume

CaCO3 (ST1) CaO (ST2) CO, (ST3)
(m® // tons)
Spring SPEp,min 485.87 // 996.52 438.93 // 1642.95 //
550.90 449.70
SPEp,max 378.85 // 777.02 427.81 // 1601.31 //
536.94 438.30
Autumn  AUppmin  651.34 // 596.36 // 2232.23 //
1335.90 748.49 610.99
AUgp max 367.17 // 753.07 332.83 // 1245.82 //
417.73 340.99
Summer SUpni, 388.32 // 796.44 350.8 // 440.29 1313.08 //
min 359.41
SUpni, 324.86 // 666.29 293.48 // 1098.5 // 300.67
o 368.35
Winter Wipn, 198.11 // 406.32 181.39 // 678.96 // 185.84
min 227.66
Wipny, 426.21 // 874.16 385.03 // 1441.18 //
483.25 394.47

max

is fully stored (CL load is 35 % at 6 h and CL operates at 100 % at 7 h).
From 8 to 12 h, CL operates at full load and CR at 90 % storing energy
with high efficiency, the highest energy storage efficiency (see
Fig. A.15a in Appendix, 74 %) is achieved at 13 h. The carbonator is
again shutted down during the next 4 h (14-17 h) and, is again operative
to retrieved thermal energy during the rest of the day (18-23 h). The
maximum energy availability efficiency (see Fig. A.15a in Appendix, 93
%) under SPgpmin day is reached during sunlight hours when the
calciner/carbonator load difference is minimum (8-13 h). Regarding the
operating hours under AUgp max, the carbonator is disconnected during
the first part of the day (0-6 h) but at 7 h the CaL TCES system operates
within the full energy retrieval mode. The operation continues under
ESOM from 8 to 13 h, reaching the highest energy storage efficiency
(Appendix Fig. A.15b, 74 %) at 13 h as in SPgp min. The carbonator is off
for the next 3 h operating the system at full storage operation mode
(14-16 h), while retrieving energy again from 18 to 20 h. The last part of
the day the whole CaL TCES system is shutted down (21—23 h). The
maximum availability energy efficiency (Appendix Fig. A.15b, 93 %) is
reached during sunlight hours when the calciner/carbonator load dif-
ference is minimum.
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Fig. 12. Comparison of the operation sequence under spring minimum ((a) SPgp min) and autumn maximum ((b) AUgp may) daily average EP.
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The system performance for the representative days in summer with
maximum DNI and in winter with minimum DNI is showed in Fig. 13.
Under the SUpnimax representative day, the carbonator operates from 7
h to the end of the day, being shutted down during the beginning of the
day. The CaL TCES system stores energy from 5 to 7 h as in SPgp min at
full storage mode and between 7 and 18 h at ESOM, reaching the highest
energy storage efficiency (Appendix Fig. A.16a, 75 %) at 18 h. The last
part of the day the system retrieves energy to be eventually disconnected
at 23 h. The operating profile under Wipyimin g0es to the extreme sit-
uations, the TCES system store energy or release energy under full
modes (only storage or retrieval of energy, not combined operation). It
only operates under EROM between 16 and 18 h while the rest of the day
it operates within the full storage mode or the system is completely
disconnected. The highest energy storage efficiency (see Fig. A.16b in
Appendix, 64 %) is achieved during all the sunlight period for WIpny min.
The maximum availability energy efficiency (see Fig. A.16b in Appen-
dix, 68 %) is reached when carbonator operates.

Summarizing operational behavior, the more solar energy avail-
ability, the greater number of operation hours under energy storage
mode. If the high EP during a representative day is concentrated in the
second part of the day, the full energy storage accumulates from the
beginning of the day to the first hour of carbonator starts its operation.
Under energy retrieval mode, the maximum energy availability effi-
ciency is reached when the difference between carbonator/calciner
loads is minimum (see Figs. A.15 and A.16 in Appendix).

5. Conclusions

The novelty of this study relies in the definition of a methodology to
determine the daily dynamic operation of a CaL TCES system to maxi-
mize the incomes received from the sale of electricity. The economic
optimization methodology has been applied to eight representative days
within a year using a Genetic method. The selected days cover minimum
and maximum daily average EP for spring and autumn seasons and DNI
during summer and winter periods, meeting the criteria defined for the
selection of these representative days. The daily incomes is the target
variable of the optimization problem. Other results obtained from the
optimization are the daily energy production and the volume needed in
the gas and solids storage tanks.

Regarding the thermal energy production, the highest hourly in-
comes will be obtained during the hours with maximum EP. The higher
number of maximum EP peaks during a day, the higher the
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Fig. 13. Comparison of the operation sequence under summer maximum ((a) SUpnymax) and winter minimum ((b) WIpni,min) daily average DNIL

concentration of the energy production within short periods of time. The € void fraction, —
thermal energy is retrieved uniformly from the Cal TCES system for n efficiency, —
longer periods when the daily EP gap is very narrow. Besides, the days p density, kg/m>

with minimum daily average DNI have a solar energy availability profile
with sharp variations between consecutive hours. Thus, the energy

Subscripts and superscripts
production within those days will have a greater slack between hours.

However, the higher the daily average DNI, the greater the stability of av thermal energy availability
the energy production for a longer period. AV available
The assessment of the daily evolution of the gas and solids volume ave average
stored will determine the minimum volume required in the design and BoD Beginning of the Day
construction of each Storage Tank. The minimum required size of the capt carbon capture
storage tanks will be found during a representative day in which (i) the CR carbonator
carbonator only release energy within the period between sunset and the CL calciner
end of the day and (ii) the energy is stored during all the sunlight hours. d daily
Within any representative day, the maximum stored volume of lime and dch discharge or discharged
CO, will be found at sunset, whereas the maximum stored volume of disc discarded
limestone will be achieved at the beginning and the end of the day. EoD End of the Day
Besides, if the carbonator load is below the calciner load, the surplus of g gas
solar energy at calciner receiver will be stored. The energy is mostly h hourly
retrieved from the storage tanks of CaO and CO5 within the last part of max maximum
the day without solar radiation to cover the carbonator energy demand. min minimum

The implementation of the SSU in the Cal. TCES system will minimize N number carbonation-calcination cycles
the Storage Tank size related to lime and limestone, comparing with nom nominal
data found in literature.

opt optical
D purge or particle
Nomenclature part partial load
r residual
Symbols s solid
SOLAR  solar availability at calciner receiver
E thermal energy, MWh or GWh SRPC  Steam Rankine Power Cycle
f fraction, — st storage or stored
h hour, h ther thermal
In Incomes, € . y yearly
k CaO deactivation constant, —
frli ﬁz(sis’ How rate, kg/s Acronyms and abbreviations
Q heat flow rate, MW AU Autumn
r fraction of CaO particles, — CaL. Calcium-looping
R molar rat103 Ca0/CO, — CSP Concentrating Solar Power
\4 volume,. m DNI Direct Normal Irradiation
X conversion, — EE Energy Emitted
AHY enthalpy of carbonation, kJ/mol EP Electricity Price
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ER Energy Required

EROM  Energy Retrieval Operation Mode

ESOM Energy Storage Operation Mode

EES Engineering Equation Solver

FB Fluidized Bed

HE Heat Exchanger

IEA International Energy Agency

IGN Instituto Geografico Nacional

NCAR  National Center for Atmospheric Research
PV Photovoltaic

PVGIS  Photovoltaic Geographical Information System
REE Red Eléctrica Espanola

SFA Solar Field Area

SP Spring

SSU Solids Separation Unit

ST Storage Tank

SU Summer

TCES Thermochemical Energy Storage

™Y Typical Meteorological Year

WI Winter
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