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This study presents recent experimental results from the 1.7 MWy, “La Pereda” Calcium Looping pilot plant,
following its upgrade to enable biomass combustion in the oxy-fired circulating fluidized bed combustor-calciner
which is the main focus of this work. New steady-state trials were conducted under oxy-combustion conditions
using biomass pellets in the calciner, accumulating >1500 h of additional experience. A key objective of the new
experiments was to leverage the high reactivity of biomass as a fuel to enable combustion under conditions of
low oxygen excess. This approach resulted in outlet oxygen concentrations in the COy-rich flue gas from the
calciner close to zero, and nitrogen oxide (NOx) levels below 20 ppmv. These conditions have the potential to
reduce the purification requirements downstream of the CO, capture system, while at the same time, the
presence of unburnt fuel constituents and/or intermediate combustion products, such as CO and CxHyO,, needs to
be managed according to the configuration and boundary conditions of the entire CCS/U system. In particular,
operation under sub-stoichiometric conditions (A < 1) may lead to CO and unburnt hydrocarbon levels that could
be incompatible with CO5 transport for permanent storage. No adverse impacts of biomass firing were observed

on sorbent performance or CO; capture efficiency, which reached up to 95% under standard conditions.

1. Introduction

Calcium Looping (CaL) is a COz capture technology that uses calcium
oxide (CaO) as a sorbent to absorb CO: in a carbonator reactor operating
at approximately 650 °C, forming calcium carbonate (CaCOs). In a
subsequent high-temperature calcination stage usually involving the
oxy-combustion of a fuel, the CaCO3 is decomposed at around 900 °C,
releasing a concentrated stream of CO; and regenerating CaO for reuse
in the carbonator. Calcium looping is also referred to as carbonate
looping in the literature.

In CaL systems employing Circulating Fluidized Beds (CFB-CaL,
shown in Fig. 1, left), the CaO particles continuously cycle through the
carbonator and calciner. The intense solid circulation between carbo-
nator and calciner typical of CFBs allows for steady operation, even with
modest CaO to CaCOs molar conversion ratios (typically around
0.05-0.1). One major advantage of CFB-CaL systems is their ability to
efficiently recover the heat required for the endothermic decomposition
of CaCOs. This heat can be reclaimed at boiler-level temperatures within

the carbonator or elsewhere in the system, minimizing the overall en-
ergy penalty (Hanak et al., 2015; Martinez et al., 2016; Perejon et al.,
2016; Shimizu et al., 1999; Strohle et al., 2009). In a recent review of
CaL pilot projects, Tan et al. (Tan et al.,. 2024) summarizes the char-
acteristics and operational status of facilities ranging from 1 kWy, to
large-scale pilots demonstrating performance at the MWy, level (Alonso
et al., 2014; Arias et al., 2018; Chang et al., 2013; Diego and Alonso,
2016; Dieter et al., 2013; Strohle et al., 2014). Most large-scale pilots use
two interconnected Circulating Fluidized Bed reactors (Fig. 1, left).
These systems benefit from structural and operational similarities to
Circulating Fluidized Bed Combustion (CFBC) boilers, including com-
parable materials, solid circulation behavior, gas flow dynamics, and
combustion environments. These similarities also facilitate safe inter-
connection between reactors (Abanades et al., 2009; Arias et al., 2018;
Arias et al., 2013; Dieter et al., 2013; Hilz et al., 2017).

Another benefit of CaL systems is the potential use of opportunity
fuels in the oxy-fired CFB calciner. The use of biomass and solid SRF has
been tested as fuel in the 1 MWt pilot plant in Darmstadt (Haaf et al.,
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Fig. 1. Left) Scheme of a CFB-CaL system retrofitted to biomass firing in
the calciner.

2020; Haaf et al., 2020) and in the 200 kWth pilot plant in Stuttgart
(Moreno et al., 2021). Results from these pilots confirm both the feasi-
bility of using such fuels and the additional benefit of capturing acid
gases (i.e. SO5 and HCl) in the calciner.

Among the calcium looping pilots, the 1.7 MWy, pilot at La Pereda
had previously accumulated over 5000 h of operation (Arias et al., 2018;
Arias et al., 2013; Diego and Arias, 2020; Diego et al., 2014) under
Technology Readiness Level 6-7 conditions (depending on the target
application). This included processing up to 1% of the flue gas from the
adjacent coal power plant and firing coal in the pilot’s calciner (TRL7).
As part of the recent Horizon Europe R&D project (CaLby2030)
(Calby2030, 2022), the La Pereda CFB-CaL pilot plant (Fig. 1, right) has
undergone several retrofits to demonstrate at TRL6 advanced features of
CFB-Cal. systems when applied to waste-to-energy plants or
biomass-fired power plants. These retrofits include modifications to
enable testing with wood pellets in the calciner under oxy-combustion
conditions, as well as upgrades to the gas analysis system for
improved monitoring of gas impurities characteristic of the flue gas
source targeted for CO5 capture and the raw COy-rich gas emitted from
the oxy-fired calciner.

The presence of gas impurities in the COy raw stream from the
capture system is a critical factor in determining the optimal design and
cost of the purification equipment needed to protect the downstream
CO., transport and storage infrastructure (IEAGHG, 2016; Porter et al.,
2015; Sonke et al,. 2022). This is especially important in
oxy-combustion-based systems, where 3-6% vol of O, is typically pre-
sent due to an excess of oxygen beyond the stoichiometric requirement
to achieve high combustion efficiency. Additionally, acid gases such as
NOx and SOx—common byproducts of combustion—can further
complicate the purification process (IEAGHG, 2016; Koohestanian and
Shahraki,. 2021; Magli et al. 2022; Okeke et al., 2023; Porter et al.,
2015; Sala et al., 2024) and demand monitoring in the CFB-CaL reactors,
in particular in the calciner. Furthermore, reducing the excess of oxygen
during biomass combustion would reduce the demand of oxygen in the
calciner, thus reducing the energy penalty associated to the air
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separation unit.

The aim of this work is to present recent operational experience from
the La Pereda CFB-CaL pilot plant during biomass firing in the calciner,
acquired during a recent project (Calby2030) (Calby2030, 2022). The
main novelty of this work is the operation of the calciner under condi-
tions that minimize the O, content in the COs-rich stream from the
calciner, so as to minimize downstream purification efforts.
Oxy-combustion with low excess of oxygen, while maintaining the high
CO., capture efficiencies inherent to CFB-CaL systems, can be particu-
larly relevant given the growing interest in renewable fuels for power
generation. Such systems can become carbon-negative when the
captured CO; is permanently stored, or produce carbon-neutral fuels
when the CO; is utilized as a precursor (IPCC, 2005).

2. Experimental

Fig. 2 shows a top-view schematic of the main components of the La
Pereda 1.7 MWy, pilot plant (photograph of Fig. 1 right), along with
their location in relation to the main power plant. The pilot can process a
1% slipstream of the flue gas produced by the existing CFB 50 MW,
power plant of “La Pereda”. Such power plant has been operated since
1994 with coal as a fuel and is currently undergoing a major retrofit to
become a biomass and SRF fired power plant by 2027. The core of the
pilot plant consists of two circulating fluidized bed reactors—a carbo-
nator and a calciner—standing 15 m tall, with internal diameters of 0.65
m and 0.75 m, respectively. These reactors are connected through two
loop seals as shown in the top view of the pilot of Fig. 2. Temperature
control in the carbonator is achieved using bayonet tubes positioned in
the upper section of the reactor, that can be adjusted vertically to modify
the heat extraction surface area. A more detailed description of this fa-
cility can be found elsewhere (Arias et al., 2013; Diego et al., 2016).

In the new experimental campaigns, the pilot has been operated with
biomass firing in the calciner but under conditions relatively standard
for CFB boilers and/or CFB-Cal systems: gas velocities within the re-
actors typically range from 2 to 6 m/s, average carbonator temperature
from 530 to 660 °C, average calciner temperature from 840 to 945 °C,
inventory of solids in the carbonator and calciner from 50 to 900 kg/m?.

As shown in Fig. 2, the flue gas from the power plant that is the target
for CO; capture in the CFB-carbonator, is usually taken before the stack
using a fan. Due to the prolonged shutdown periods of the main power
plant, most of the experiments reported in this work correspond to
testing campaigns during which the gases supplied to the carbonator
consisted of a synthetic mixture of air and CO; delivered from cryogenic
tanks. This is why the scale of the testing reported in this work could be
qualified as TRL6 instead of the TRL7 used in previous works with the
same pilot. To operate the pilot under these conditions, a negative
pressure is compulsory (in order to ensure safe exhausting of the gases to
the stack) in the return point of the flue gases from the pilot plant to the
power plant. Under normal conditions, this is created by the balance
between the forced and induced fans of the main power plant. During
most of the tests reported in work, the negative pressure was achieved by
operating the induced fan of the main power plant. This also allowed to
create a flow of air through the main power plant when switched off,
avoiding the accumulation of flue gases from the pilot in the body of the
main plant (air preheater, electrostatic precipitator and stack).

The composition of gases entering and exiting the carbonator and
calciner reactors is continuously monitored using four gas analysers
(three standards for combustion gases and a FTIR analysis system to
track gas impurities, including NO, NO2, N0, HCl, HF, SO, CH4, CO,
CxHyO) that can switch their gas sampling to the different ports in the
pilot. Gas concentrations in the Results and Discussion section are
expressed in dry basis. The solids circulating within the system are
periodically analysed by collecting samples from designated ports
throughout the facility (between 2 and 10 samples per hour) and then
submitted for chemical analysis (carbon, sulphur and ashes) or more
detailed kinetic characterisations (TGA for reactivity test or more in-
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Fig. 2. Top-view scheme of the pilot plant and its integration with the power plant.
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Fig. 3. Example of an experimental CO; capture test with oxy-fuel combustion of biomass in the calciner. Top graph: main operation conditions in the calciner;
middle graph: main operation conditions in the carbonator; bottom graph: CO, capture efficiency (E.,1) and molar CO, flow entering and captured in the carbonator,
circulation of solids (Gs). Average CO, carrying capacity of the solids (Xaye)=0.16.
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ar ash, 78.8%y, o volatile matter, 14.3%,, o fixed carbon; lower heating
value (LHV) of 19.1 MJ/kg

3. Results and discussion

After some initial dynamic testing to adjust the new operation pro-
tocols, several steady-state trials were conducted to assess the opera-
tional performance of the pilot plant using biomass as the fuel in the oxy-
fired calciner, as shown in the example of Fig. 3. These tests typically last
from 8 to 14 h, with the pilot operating under constant conditions. Initial
start-up periods to preheat the pilot and to switch the conditions from air
to oxy-fuel conditions in the calciner and from air to flue gas with CO2 in
the carbonator are not shown in this figure. The main operation condi-
tions in the calciner are shown in the top graph of Fig. 3. During this test,
the average temperature in the calciner was 940 °C, achieved by burning
a biomass flow of 355 kg/h (resulting in a thermal input of 1.88 MWy,)
using a O2/CO; oxidant mixture with an oxygen concentration of 37%,.
The oxygen concentration at the outlet of the calciner was around 4.8%,.
With this excess of oxygen, no CO or other unburnt carbon were detected
at the outlet of the calciner (not shown in the top graph for simplicity),
while an average emission of around 120 ppm, of NOy was measured.
During this period, the inventory in the calciner was around 200 kg/m?,
which was estimated by the pressure measurements along the reactor.
The main operation conditions in the carbonator are shown in the
middle graph of Fig. 3. This reactor operated at an average temperature
of 610 °C and an inventory of solids of 570 kg/m? (see Fig. 3 middle). A
flue synthetic flue gas with a CO, concentration of 11%, was fed to the
carbonator (which results into an inlet CO, molar flow of 5.1 kmol/h).

The total circulation of solids between reactors (in kg/s), can be
estimated in this experiment with the closure of the heat balance in the
carbonator, because the refractory lining of the pilot unit ensures that
heat losses remain limited and can be calibrated with reasonable accu-
racy. As a result, during steady-state operation, the total solid circulation
rate (G;) entering and exiting the carbonator can be determined by
monitoring all relevant parameters in the energy balance—such as
temperatures, gas flow rates, and the heat released from the carbonation
reaction by the difference in inlet-outlet content of CO3 in the flue gas—.
These measurements can also be calibrated to correct for any systematic
discrepancies and provide a similar value (about 4.0 kg/m?s) to that
obtained from a similar heat balance in a loop seal (Arias et al., 2018).
This method based on heat balances is also routinely validated by
comparing with measurements obtained using isokinetic probes. Under
the conditions of Fig. 3, the CO, concentration achieved at the outlet of
the carbonator was 0.5%, which results into an average capture effi-
ciency (Ecarb) of 0.95, which is defined as follows:

FCOZ.in - FCOZ.out

Ecupy — 102 — Feoaou )
Corb Feozn

where Fcogin and Fgooour are the molar flows of CO, entering and
leaving the carbonator.

Several models have been proposed in the literature to analyze the
dependencies of CO, capture efficiencies in the carbonator with vari-
ables such as, temperature, CO3 inlet concentration in the flue gas, solid
inventories, solid circulation rates and average carrying capacity of the
sorbent (which depends in turn on sorbent characteristics, make up
flows and the calcination conditions in the calciner) during steady-state
periods (Greco-Coppi et al., 2025; Lasheras et al., 2011; Romano, 2012;
Ylatalo et al., 2012). In this work, a basic model methodology outlined in
references (Arias et al., 2013; Charitos et al., 2011) is used to interpret
the experimental results obtained during these tests.

To further facilitate comparisons between experiments conducted at
different temperatures, it is useful to normalize Ey relative to the
maximum CO; capture efficiency allowed by the equilibrium (Ecarb,eq),
which depends on the average carbonator temperature and its effect on
the equilibrium partial pressure of CO2 (vco2). Several equations have
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been reported in the literature to describe the dependence of the equi-
librium CO partial pressure on temperature within the range relevant
for CaL systems (Baker, 1962; Garcia-Labiano et al., 2002; Hills, 1968).
In this work, the correlation proposed by Baker has been adopted (Baker,
1962).

10 (7:079-8308/1)

Vco2.eq = T 2
otal

where T is the carbonation temperature (K) and P the total operating
pressure (atm).

The molar flow of CO, captured in the carbonator (Fco,,in — Fco.,out)
can be experimentally measured using two complementary methods.
The first is a carbon mass balance, which requires quantifying the CO2
removed from the gas phase by monitoring the gas flows entering the
carbonator and analysing the flue gas composition before and after the
reactor. The second method involves a mass balance on the solid flows
circulating between reactors, by determining the molar flow of CaCO3
formed based on changes in the carbonate content of solids entering and
exiting the carbonator. Both approaches rely on data from gas analysers,
solid circulation rates, and chemical analyses of solid samples. The
comparison of the results obtained from both methods is used to validate
the consistency of the experimental data. An example of the comparison
between both methods is shown in Fig. 3 (bottom), where good agree-
ment is observed, with a value of Fco2 in-Fco2,0ur Of approximately 4.9
kmol/h (solid line: CO2 removal from the gas phase; dots: CaCO3 formed
in circulating solids).

On the other hand, the flow of CO; disappearing from the gas phase
and appearing in the solid circulation phase, must be equal to the CO5
reacted with the solids present in the carbonator (solid inventory) at any
given point in time. Such solids in the carbonator are assumed to react at
a rate that follows the simplified reaction rate model (Alonso et al.,
2009).

(‘%) = ks § Xave (Vo2 — Vcozeq) ©))
Carbonator

Here, dX/dtcarbonator (s~ 1) is the reaction rate of the CaO particles in
the carbonator, K is the reaction rate constant of the sorbent (s™1), vcoz
denotes the volume fractions of CO3 in the carbonator. The parameter ¢
is a gas-solid contacting factor that accounts for physical limitations to
carbonation relative to the intrinsic reaction rate (ks), which is typically
measured in the absence of external mass-transfer resistances
(Rodriguez et al., 2011). The intrinsic rate ks is determined by ther-
mogravimetric (TG) analysis under conditions designed to minimize
external diffusion effects, such as small sample masses and high gas
velocities around the sample holder. The effective parameter ks¢ is
obtained by fitting pilot-plant data to Equation 7, and ¢ is then calcu-
lated as the ratio between ks¢ and the intrinsic ks measured in TG ex-
periments. Finally, Xy, refers to the maximum CO3 carrying capacity of
the sorbent. This is a key feature in calcium looping systems, where the
carrying capacity of individual particles circulating in the system de-
creases with the number of carbonation- calcination cycles (Grasa and
Abanades, 2006). During the tests reported in this work, the pilot was
operated with a wide range of CO; carrying capacities (0.15-0.36).

Using the approach indicated above, the mass balance equation for
CO4 removal from the gas phase and its capture by CaO particles in the
carbonator bed can now be formulated as:

Ecary = NcafaXave ks ¢ (Tcoz — VUcozeq) /Feozin @]

In this equation, nc, represents the total calcium inventory in the
carbonator, f, is the fraction of active solids that have not yet reached
Xave, and F¢oa denotes the molar flow of CO; entering the reactor. These
variables collectively define a term known as the active space time
(Tactive = Nca fa Xave / Fcoz, in) (Charitos et al., 2011). The parameter ks
is determined as a fitting factor and found to be 0.36 s~! for all the date
reported in this work. This value compares favourably with previous
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data obtained under conditions of oxy-combustion of coal in the
carbonator.

Fig. 4 includes the values obtained with Eq. (7) (shown as solid and
dotted lines) in two extreme cases that cover the wide range of inlet CO5
concentration (Vcoz,in) tested during these experimental campaigns.
Despite uncertainties linked to the estimation of certain variables in Eq.
(7), the majority of the experimental data align well with the trends
predicted by the model. This behavior is consistent with findings from
previous studies where the calciner operated using coal as fuel. As can be
seen, high CO5 capture efficiencies, well above 0.95, are achieved during
experiments where Tqctive reaches a value higher than 75 s~L. An extreme
example of operation of a CFB-CaL system with high values of T,ctve has
been recently reported (Arias et al., 2024) to illustrate the technical
viability of the carbonator of the La Pereda CFB-CaL pilot to achieve
capture efficiencies over 99%. This was accomplished by operating the
CalL pilot with large make up flows of limestone to reach Xy, close to 0.3
which resulted into values of Tactive values above 100 s~1.

As noted above, in addition to steady state campaigns validating the
adequate performance of the carbonator when using biomass as fuel in
the oxy-fired calciner in standard conditions in the calcium looping
system, the pilot was forced to operate under extreme combustion
conditions in the calciner, targeting the generation of a CO5-rich off gas
from the calciner with low oxygen content (towards <2%v O3). As an
example, Fig. 5 plots the composition of Oz, CO, NOy and unburnt hy-
drocarbons (CxHyO,-estimated as the sum of CHy, CoHs, CoHs, C3Hg,
CeH14 and CHOH measured using the FTIR analyser) in the rich-CO; flue
gas during an experimental period with low excess of oxygen, 1=1.04.
The excess of oxygen (1) is defined as the oxygen-to-fuel ratio relatively
to the stoichiometric ratio. As can be observed, there are intense fluc-
tuations in oxygen composition at the outlet of the calciner under such
combustion conditions. Since the frequencies and amplitudes of such
fluctuation coincide with those of other combustion species, these can be
attributed to the temporal variations in the biomass flow rate actually
entering the bed of the calciner. The presence (or lack of) of small
batches of recently entered biomass pellets, that should volatilise at a
high rate when entering the bed of solids in the calciner, would promote
fluctuations in the instant excess oxygen in the calciner and hence the
combustion conditions, especially when operating close to the stoi-
chiometric conditions. Such phenomena are probably highly dependent
on particular features of the solid feeding system of the pilot, the
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Fig. 4. Normalized CO, capture efficiency (Ecarbnorm=Ecarb/Ecarbeq) aS @
function of active space time, T,ctive = Nca fa Xave / Fco2, in Lines have been
calculated using Eq. (3) with the following average values: Tca,=655 °C,
ksp=0.36 s’l, Vco2in=0.08 (solid line) and vco2in=0.15 (dashed line)).
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Fig. 5. Example of an experimental period operating the calciner with a low
excess of oxygen during biomass combustion (average temperature in the
calciner: 890 °C, outlet gas velocity in the calciner: 4.5 m/s, inventory of solids
in the calciner: 180 kg/m?).

geometry of the calciner bottom region, and the complex fluid-dynamics
in such turbulent bed of solids (Ylatalo et al., 2012; Ylatalo et al., 2013;
Ylatalo et al., 2014). In large scale systems, the buffer effect of much
larger inventory of solids in the bottom region of the oxy-fired calciner
and the proper fuel distribution along the cross-section area should help
to maintain more stable conditions at the outlet of the reactor, although
fuel and solid mixing phenomena is also a very important 3D modelling
objective in large scale CFB combustors (Ylatalo et al., 2012; Ylatalo
et al., 2013; Ylatalo et al., 2014). Despite the fluctuation observed, the
results reported here should be useful to tune such 3D reactor models in
future modelling efforts within the CaLby2030 project (Calby2030,
2022). As can be seen in the example of Fig. 5, when the average oxygen
concentration at the outlet of the calciner is around 1.5%v, the CO
emissions remain relatively low, averaging approximately 1100 ppm,,
with a few peaks below 3000 ppmy. For unburnt hydrocarbons (CxHy0,),
average emissions are around 35 ppm, with peaks below 500 ppm,. NOy
emissions during this period average 100 ppm,. During standard
oxy-fuel conditions such as those depicted in Fig. 3 (with oxygen con-
centrations at the outlet of the calciner around 4.5-5.0%v), no CO and
CxHyO, emissions are detected, while NOy emissions are measured at
approximately 120 ppmy.

Fig. 6 shows an example of results where the excess of oxygen in the
calciner is eventually forced to values of A<1 in the calciner, under
which no oxygen should be expected at the exit of the calciner. To
observe the potential impact of such conditions on the carbonator side,
the graph in the left of Fig. 6 shows the inventory and temperature in
both the carbonator and calciner. A flue gas with a CO3 concentration of
13.6%v was fed into the carbonator. During the whole period, a high
CO4 capture efficiency (>0.95) was measured, consistent with a high
value of T,ctive =65 s, as discussed around Fig. 4. At the beginning of the
test (before 11:40), the oxy-combustion in the calciner was carried out
with a relatively high excess of oxygen (1=1.65). Under these conditions
(i.e. with an exit oxygen concentration around 6% in the rich-CO; gas
leaving the calciner), no CO or CyHyO, are detected and the concen-
tration of NOy remained around 120 ppm. From this point, the excess of
oxygen was reduced in three steps (1<0.96, 0.88, 0.85), by progressively
reducing the oxygen feeding rate and increasing the biomass feeding
rate to the calciner. For an excess of oxygen slightly below the stoi-
chiometric conditions (1=0.96), there is an increase of the CO and
CxHyO, emissions up to values around 8600 ppm and 760 ppm,
respectively. In addition, an important reduction is observed on NOy
emissions, that drop until a value around 35 ppm, consistent with the
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Fig. 6. Example of an experimental period operating the calciner under stoichiometric combustion conditions. Left: main operation conditions in the carbonator and

calciner; right: composition of the rich-CO; flue gas leaving the calciner.

reducing conditions that must be present towards the top part of the
calciner under the lower availability of oxygen (Duan et al., 2011;
Stanger et al., 2015). A further decrease of the excess of oxygen, trans-
lates into drastic increases in CO and CxHyO, which can reach values up
to values of 53,000 ppm and 3400 ppm, respectively, for a defect of
oxygen of 0.85.

A comprehensive investigation into the influence of combustion
conditions on the emission profiles of these gases lies beyond the scope
of the present study. Such an analysis would necessitate application of
advanced three-dimensional (3D) computational models capable of
resolving localized phenomena (i.e. gas-solid interactions, spatial vari-
ations in the oxygen-to-fuel ratio) that are relatively well quantified in
state-of-the-art models of CFB combustion power plants (Adamczyk
et al., 2014; Gu et al., 2019; Kanellis et al., 2023; Ylatalo et al., 2013).
Nonetheless, Fig. 7 provides a first plot of the trends observed during the
experimental campaigns carried out using the excess of oxygen A as
parameter with each point representing a period of 30-200 min of stable
conditions as those represented in Fig. 6.

For clarity, the emissions of unburnt hydrocarbons (CxHyOz) are not
represented in Fig. 7 because they follow similar trend that the emissions
of CO. Solid lines represent the experimentally observed trends, while
the dashed line indicates the theoretical oxygen concentration in the
CO2-rich flue gas exiting the calciner, calculated under the assumption of
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Fig. 7. Effect of excess of oxygen (1) on CO and NOx emissions during biomass
oxy-fuel combustion in the calciner (dots-experimental values; lines-
experimental observed trends).

an average inlet oxygen concentration of 30%,. As discussed above, the
oxy-fired calciner can be operated under close to stoichiometric condi-
tions without producing noticeable emissions of CO and CyHyO, and
maintaining the performance of the CO, carbonator. However, a sharp
increase on the emissions of CO (and other fuel gases) is observed as the
oxygen excess is reduced below the stoichiometric conditions. On the
other hand, the reducing conditions can greatly minimize the NOy
emissions, with values even below 20 ppmy, compared with the standard
range of between 120-130 when O at the exit of the calciner is >5%y.
These results open the door to consider 1 as a new key target for opti-
mization in attempts to reduce the cost of the overall CCU/S system
where the CaL system must be integrated. For example, as discussed
above, the use of biomass as fuel in the oxy-fired calciner represent an
opportunity to produce carbon-neutral synthetic products from CO,
captured and released in the COj-rich gas raw stream leaving the
calciner. Most of the routes to produce such synthetic products are based
on catalysts which are negatively affected by the presence of oxygen and
other impurities in the feed gas streams (Gotz et al., 2016) but are not
affected (or even benefit) by the presence of CO.

However, an excessive reduction in oxygen excess may lead to
incomplete combustion of the solid fuel within the calciner, resulting in
the carryover of unburned carbon in solid form to the carbonator and a
decrease in fuel utilization in the calciner. Moreover, this would lead to
an additional increase heat release in the carbonator, both from the
combustion of the transported fuel and from the exothermic carbonation
of the additional CO2 produced. Since combustion within the carbonator
is undesirable—given its primary function is COz capture—this shift in
heat distribution may negatively impact the whole CaL system. The
interplay between these opposing effects highlights a trade-off that
should be addressed through more comprehensive modelling efforts.
Such analyses could be supported and validated using the experimental
data and trends reported in this work.

4. Conclusions

This study presents recent advancements in calcium looping tech-
nology, demonstrated through experimental campaigns conducted at
the upgraded 1.7 MWt La Pereda pilot facility. These efforts aim to
generate Technology Readiness Level 6 (TRL6) data relevant to biomass-
fired applications. The pilot plant has been retrofitted to enable biomass
combustion within the oxy-fired circulating fluidized bed calciner,
allowing a series of CO capture experiments to be performed. The trials
confirmed the feasibility of operation under oxy-combustion conditions
with low residual O, concentrations at the calciner outlet—an outcome
that may support CO, purification by lowering NOy emissions (up to
values below 20 ppmv) and reducing or avoiding the presence of oxy-
gen. However, the operation under sub-stoichiometric conditions (A<1)
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may lead to CO and unburnt hydrocarbons levels that may not be
acceptable if the fate of the CO; is transport for permanent storage.
These results contribute to the broader objective of validating calcium
looping as a viable pathway for decarbonizing carbon-intensive in-
dustries and advancing the technology toward large-scale
implementation.
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