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ABSTRACT

Over the last ten years, high-temperature solid looping (HTSL) technologies have received considerable interest
from industry and academia, with important progress toward commercialization. There are three main HTSL
concepts: (i) carbonate looping, based on the reversible carbonation of a metal oxide for separating CO, from a gas
stream; (ii) chemical looping, which utilizes the reversible oxidation and reduction of a metal for separating
oxygen from air; and (iii) indirect gasification that uses the sensible heat contained in a hot solid to drive gasi-
fication (an endothermic reaction). Different HTSL process variants are used for various CO, capture applica-
tions, such as post-combustion capture, oxyfuel combustion, or pre-combustion capture through gasification and
reforming. In this review, we focus on HTSL processes that have reached a high level of maturity, so that
commercialization could be expected within the next 5-10 years. This implies that the processes have already
been validated in industrially relevant environments, such as pilot testing in continuous operation. Throughout
this work, we explain the basic principles of the different HTSL processes and discuss recent advances in ar-
rangements and materials toward reducing costs and energy requirements for CO5 capture from industrial
sources. Furthermore, our review provides an overview of existing HTSL pilot plants and the main results from
the last 10 years, as well as the latest developments in modeling of HTSL reactors. Lastly, we review the most
relevant techno-economic and environmental studies of HTSL processes for various industrial sectors and pro-
pose next research steps toward commercial applications in the near future.

1. Introduction

high-temperature solid looping (HTSL) processes.
Depending on their basic operating principle, HTSL processes can be

The IPCC Special Report on Carbon dioxide Capture and Storage
(IPCC, 2005) pointed out the large energy penalties and costs associated
with the most mature CO5 capture technologies, such as amine scrub-
bing or oxyfuel combustion. The report also stated that these costs could
potentially be reduced by new technologies. Two innovative technolo-
gies specifically mentioned in the report were the use of regenerable
solid sorbents to remove CO, at relatively high temperatures and
chemical looping combustion to avoid the need for an air separation unit
in oxyfuel combustion. These two technologies have in common that
they are based on solid materials circulating between two (or more)
reactors operating at high temperatures. Hence, they are called

* Corresponding authors.

classified into three categories (see Fig. 1): (i) carbonate looping, (ii)
chemical looping, and (iii) indirect gasification, although combinations are
also possible. Carbonate looping processes utilize the reversible reaction
of a metal oxide with CO5 (e.g., CaO + CO3 < CaCOg). The CO, con-
tained in a gas is absorbed by a metal oxide to form a metal carbonate. In
the reverse reaction, the metal carbonate is decomposed into the metal
oxide and a highly pure stream of CO,. Due to thermodynamic con-
straints, the decomposition reaction occurs at a higher temperature or
lower pressure than the absorption reaction. Chemical looping processes
utilize the reversible oxidation and reduction of a metal between
different oxidation degrees (e.g. FeoO3 and Fe304). Here, the oxygen
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contained in air reacts with a metal oxide to form a metal oxide with a
higher oxidation degree. This highly oxidized metal then reacts with
combustible gases (e.g. hydrocarbons, CO, or Hy), acting as an oxygen
carrier that avoids direct contact between fuel and air and ensures a CO,
stream inherently free of Nj. Indirect gasification utilizes the sensible
heat contained in a hot solid, which is heated by an exothermal reaction
(e.g., combustion), to provide the energy to drive an endothermic re-
action (e.g., gasification). The principles of these three categories can be
used in processes for different CO, capture applications, such as post-
combustion capture, oxyfuel combustion, or gasification/reforming for
pre-combustion capture.

HTSL processes can be realized by various types of reactor systems.
The most straightforward concept employs the continuous transfer of
solids between coupled fluidized bed reactors. Fluidized beds have the
benefit of very good gas-solid mixing and good temperature control.
They are very flexible with respect to the feedstock, allowing the con-
version of cheap residues and wastes. Fluidized beds are scalable to large
sizes, which has been proven for fluidized bed combustion technology
with power plants larger than 600 MW, (Leckner, 2016). Also, the
coupling of two fluidized bed reactors is commercially proven for fluid
catalytic cracking and indirect gasification (Thunman et al., 2019).
However, fluidized beds have some limitations with respect to particle
size, residence time, temperature, and pressure, where other reactor
types have some distinct advantages. Entrained flow reactors allow the
use of very fine particles that are difficult to fluidize (<100 pm), and
they can be operated at very high temperatures (above the ash melting
temperature). Moving beds realize a plug-flow type behavior of the
particles enabling longer residence times. Fixed bed reactors allow a
batchwise cyclic operation at changing pressure (so-called pressure
swing), which is difficult to realize with coupled fluidized beds. How-
ever, all these alternatives are associated with challenges related to poor
mixing and temperature control. In this respect, moving and fixed beds
have certain restrictions in scalability that can be overcome by designing
a system of multiple reactors operating in parallel.

In the last 20 years, various HTSL process variants have been
developed and tested. The most important developments until 2015
were summarized by Abanades et al. (2015) as part of the Special Issue
commemorating the 10t year anniversary of the publication of the IPCC
Special Report on CCS. At that time, the focus was mainly on CO5 cap-
ture from coal-fired power plants, which were (and are still) by far the
main emitters of CO, worldwide. However, recent advances in power
production from renewable sources such as wind and solar suggest that
these renewable sources could potentially decarbonize the entire power
sector at reasonable cost. Several countries, particularly in Europe, have
already placed laws on the phase-out of coal. Hence, the focus in the
development of HTSL processes (and other capture technologies) has
shifted toward the capture of so-called unavoidable CO; emissions, i.e.

(a) Carbonate looping (Cal)

CO, (+ H,0)/
H, (+ CO)

CO,-depleted gas

Co,

XCO,

(carbonation)

Gas with CO,

(b) Chemical looping (CL)

Oxygen

(reduction)

Fuel

International Journal of Greenhouse Gas Control 155 (2026) 104718

capture of CO, that is generated within a process and cannot be avoided
by a shift to renewable fuels or electrical heating. Examples are lime or
cement plants, where COs is formed through decomposition of CaCOs,
and waste incineration plants, where the main purpose is to manage
waste by thermal treatment whereby the carbon contained in the waste
is converted to CO». Furthermore, the shift away from fossil fuels has put
the spotlight on the use of feedstocks that contain a certain fraction of
biogenic carbon, such as biomass or waste, thereby lowering the carbon
footprint of the HTSL process. In contrast to woody biomass, biogenic
residues as well as municipal and industrial wastes have the advantage
of a relatively low cost. However, they often have a low ash melting
temperature and high chlorine content, which poses challenges related
to particle agglomeration, ash deposition, and corrosion on the
processes.

The present work aims to review the progress in the development of
HTSL processes within the last 10 years. The focus is on processes that
have reached a certain level of maturity, so that commercialization
could be expected within the next 5-10 years. This implies that the
processes have already been validated in an industrially relevant envi-
ronment, such as pilot testing in continuous operation. Section 2 ex-
plains the basic principles of the different HTSL processes and
summarizes recent advances in development of improved processes or
materials that could reduce energy requirements and costs for CO;
capture from industrial sources. Section 3 provides an overview of
existing HTSL pilot plants and the main results achieved within the last
10 years. Section 4 presents recent developments in modeling the con-
version of solids and gases in HTSL reactors. Section 5 reviews recent
studies on techno-economic and environmental assessment of HTSL
processes for various industrial sectors. Section 6 gives conclusions and
an outlook on potential developments in the near future.

2. Process development
2.1. Carbonate looping processes

Carbonate looping (CaL) refers to a group of processes that removes
CO-, from a gas stream through carbonation with the objective of either
capturing COy (CaL for carbon capture) or improving the yield of
reforming and gasification products (sorption-enhanced Cal), as illus-
trated in Fig. 2. The different CaL processes vary in technical maturity,
complexity, and economic feasibility. These systems generally rely on
calcium oxide (CaO) as a regenerable sorbent. Hence, carbonate looping
is also referred to as calcium looping (Greco-Coppi et al., 2025b). Other
CaL concepts using MgO and synthetic lime-based materials have been
also proposed, but they have lower technology readiness level (TRL).

The working principle of CaL is summarized in Fig. 3. At high tem-
peratures, a metal oxide (sorbent, typically CaO) reacts with CO3 to form

(c) Indirect gasification

CO, (+ H,0)/
H, (+ CO)

Heat, char
(circulation)

Me, O, Air No air

Fuel

Fig. 1. Overview of the high-temperature solid looping (HTSL) cycles based on their operating principle: (a) in carbonate looping (Cal), an active metal (X, e.g., Ca)
is used to remove CO; from a gas stream via carbonation; (b) in chemical looping, a metal oxygen carrier (Me;Oy) is reduced, oxidizing a fuel for combustion,
gasification, or reforming; and (c) in indirect gasification, solids circulate between two reactors, enabling heat and char transfer for gasification of a solid fuel in an

air-free atmosphere.
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(b) Sorption-enhanced carbonate looping (SE-Cal)

H, or H,/CO CO, (+ H,0)
CaO CaCO;,
(carbonation) (calcination)
Fuel: Energy:
* Gas/liquid * Fuel, oxy-combustion
* Biomass * Fuel, redox loop, indirect heating

* Electrification

Fig. 2. Overview of carbonate looping (CaL) processes. In the standard CaL process (a), a metal oxide (typically, CaO) is used to remove CO, from a gas stream via
carbonation for carbon capture. The heat for calcination can be provided by oxy-combustion (oxy-CaL), by indirectly heating from an external combustion chamber
(IHCaL), or by solar heating (solar-driven CaL). Sorption-enhanced CalL (b) uses a metal oxide to remove CO, from a gas stream via carbonation to enhance the

production of H, and CO by shifting reaction equilibria.

CO,-depleted
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T CaCO, T
1
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Fig. 3. Scheme of the oxy-fired carbonate looping (CaL) process.

a carbonate (generally, CaCOg), which is then decomposed via calci-
nation in a COo-rich environment to regenerate the sorbent via calci-
nation and complete the cycle. When using CaO as the sorbent for CaL,
the CaCO3-CaO equilibrium curve defines the temperature ranges suit-
able for both steps: carbonation at temperatures around 650 °C, so CO5
concentrations in flue gas can be lowered below 1.2% vol at atmospheric
pressure; while calcination temperatures above 900 °C are needed to
reach full calcination for high CO, concentrations (Greco-Coppi et al.,
2025b). These values are based on the equilibrium limitations gov-
erned by temperature and CO, partial pressure. A key challenge lies in
supplying the substantial heat required for CaCO3 decomposition, as the
reaction enthalpy is high (168 kJ/mol at 900 °C). Delivering this heat
efficiently to a high-temperature reactor remains a critical design issue.
There are different strategies to achieve this, such as through in-situ
oxy-fire combustion (see Section 2.1.1), indirect-heating from an
external combustion chamber (see Section 2.1.2), or by means of solar
heating (see Section 2.1.3), or chemical looping (see examples in Section
2.1.4 and Section 2.2.3). The first sections of this chapter focus on CaL
for CO; capture, and Section 2.1.4 is dedicated to Sorption Enhanced
CalL (SE-CaL) for fuel conversion.

2.1.1. Oxy-fired carbonate looping

Among the different oxy-fired options (e.g., bubbling bed, entrained
flow, rotary kiln), the most advanced approach for the calcination step
in CaL systems is oxy-fuel circulating fluidized bed combustion (CFBC).
This technology provides high thermal input in compact reactors, uni-
form combustion temperatures, and extensive solid circulation, making
it particularly suitable for large-scale carbonate looping (CaL)

applications. Oxy-fuel CFB combustion has already reached a high level
of technological maturity (TRL 7-8) (Lupion et al., 2013; Stanger et al.,
2015; Yadav and Mondal, 2022; Chen et al., 2023; Kuhn et al., 2025b)
and has enabled the scale-up of CaL systems. One of the main advan-
tages of this type of combustor is its fuel flexibility, including the use of
biomass and other alternative fuels (e.g., solid recovered fuel, SRF),
while simultaneously enabling the capture of acid gases such as SO,
HCl, and HF (Schakel et al., 2018; Martinez et al., 2018; Haaf et al.,
2020d; Neto et al., 2021; Lim et al., 2023; Hanak, 2024). CaL systems
are therefore a relevant option for capturing CO, from WtE plant
exhaust gases due to their inherent capacity to remove these acid species
(Haaf et al., 2020a; Lim et al.,, 2023). Moreover, the use of
carbon-neutral fuels can render CFB-CaL systems carbon-negative when
the CO; released from the calciner is permanently stored or alternatively
provide a renewable CO; source for the production of COy-based syn-
thetic products (IPCC, 2005; [EA, 2020b; Styles et al., 2025).

Nevertheless, one of the main drawbacks of the oxy-fired CFB
calciner is the significant energy penalty associated with the air sepa-
ration unit, which is directly linked to the heat demand of the calciner.
As discussed in the following sub-sections, alternative calcination
methods to oxy-fuel combustion are being developed to mitigate this
penalty. The thermal input to the calciner is primarily determined by the
heat of calcination—directly related to the CO, captured in the carbo-
nator and the make-up flow of fresh limestone—as well as by the sen-
sible heat of the gas and solid streams entering the reactor. Several
approaches have been proposed in recent years to reduce the heat de-
mand in the calciner, mainly by decreasing the circulation of solids (i.e.,
increasing sorbent activity), lowering the calciner temperature, inte-
grating heat between high-temperature gas and solid streams entering
and leaving the reactors, and minimizing CO; recycle to the calciner
(Perejon et al., 2016; Martinez et al., 2016; Sun et al., 2018; Hanak et al.,
2018).

Regarding the carbonation step, the circulating fluidized bed (CFB)
configuration is considered the most appropriate due to its ability to
handle large gas and solid throughputs. These reactors operate with gas
velocities of 3-5 m/s and solid circulation rates of 3-10 kg/m?s, values
typical of commercial CFB combustors used at large scale in power
plants. This configuration has been demonstrated in large-scale pilot
plants (TRL 6-7), achieving capture efficiencies above 90% (Kremer
et al., 2013; Arias et al., 2013; Dieter et al., 2014). More recently, a
CFB carbonator design incorporating a cooled upper section and the
injection of Ca(OH), as an additional sorbent has been developed to
overcome the constraints imposed by the CaO-CO: equilibrium,
achieving capture efficiencies above 99% (Secomandi et al., 2024; Arias
et al., 2024).

The use of turbulent non-circulating fluidized beds has also been
tested experimentally (Hornberger et al., 2021). However, these reactors
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require larger footprints compared with the fast-fluidized CFB configu-
ration. Turbulent fluidization has been associated with better CO; cap-
ture efficiencies, which makes it an attractive alternative, as long as
high-enough entrainment can be achieved to operate them as CFBs
(Greco-Coppi et al., 2024d). Other carbonator concepts analyzed are
entrained-flow carbonators. This reactor type can handle fine particles
and facilitate their use in cement applications (Spinelli et al., 2018).
Nevertheless, their main drawbacks are the reactor length required to
achieve sufficient carbonation conversion and the challenges associated
with heat extraction. Entrained-flow reactors have also been proposed
for CO, capture using Ca(OH), as a sorbent, taking advantage of its fast
carbonation kinetics and high carbonation conversion (Phalak et al.,
2013; Criado et al.,, 2022; Mader et al., 2025). In addition,
moving-bed reactor configurations have been analyzed for CO; capture
that can also benefit from the use of Ca(OH), (Abanades et al., 2023; Cui
et al., 2025).

As with other capture technologies, the early development of car-
bonate looping focused on the power sector and on CO5 removal from
large stationary sources operating in base-load mode. However, with the
increasing penetration of renewable energy, flexible operation and
process configurations that improve techno-economic performance
under variable conditions have become critical. Carbonate looping
based on fluidized bed reactors offers a certain degree of flexibility,
being able to handle flue-gas fluctuations and operate at partial loads
down to 40% (Diego and Arias, 2020; Moreno et al., 2021b).

The use of solid storage has also been proposed for CO; capture in the
steel sector, particularly to manage the fluctuating flue gases produced
by Electric Arc Furnaces (EAFs). Configurations incorporating interme-
diate solids storage offer operational advantages, such as enhanced
process stability. Under these conditions, specific fuel consumption as
low as 5.85 MJ per kg of CO2 captured has been reported, with capture
efficiencies of around 91% for EAF off-gas (Montiel-Bohorquez et al.,
2025). For the more common steelmaking route based on blast fur-
naces combined with basic oxygen furnaces (BF-BOF), conventional
post-combustion CaL process schemes can be applied (Cormos, 2016;
Tian et al., 2018).

Carbonate looping is particularly well suited for COy capture in
cement plants. Two main approaches have been proposed based on an
oxy-fired calciner: the tail-end process and the integrated process
(Voldsund et al., 2019; Gardarsdottir et al., 2019; Lena et al., 2019;
Amorim et al., 2025). In the tail-end configuration, CO; is captured
directly from the flue gas emitted at the stack, with no integration be-
tween the cement process and the CaL system beyond the use of the
CaO-rich purge stream. This option can be retrofitted to existing cement
plants and can achieve capture efficiencies of around 90% under con-
ditions similar to those demonstrated in power plants (Atsonios et al.,
2015a; Lena et al., 2017). A drawback of this approach is the higher
fuel demand—typically 2-3 times that of a benchmark cement plant.
However, the excess heat recovered can be used to generate decarbon-
ized electricity, covering plant needs and even allowing export to the
grid. Fuel consumption can be reduced by increasing the level of inte-
gration, for example by diverting a larger fraction of CaCOj3 to the CaL
unit instead of the clinker burning line. The specific primary energy
consumption for CO, avoided (SPECCA) depends on the reference power
technology, ranging from 2.7 to 3.7 MJpyy/kg CO: in coal-fired sce-
narios (Lena et al., 2017).

In the integrated configuration, the oxy-fired calciner produces the
calcined material for the kiln and simultaneously supplies a stream of
calcined solids to the carbonator, which captures the CO5 released in the
kiln. This setup reduces the overall energy demand of the plant. Two
main approaches have been proposed for this configuration. The first
involves entrained-flow CaL reactors integrated into the preheater and
precalciner of the cement kiln. In this case, calcined raw meal rich in
CaO, with particle sizes of 10-20 um, is used as the CO5 sorbent in the
carbonator loop (Spinelli et al., 2018; Lena et al., 2019). This approach
allows a reduction in SPECCA of 15-26% compared with the tail-end
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configuration (Lena et al., 2019). The second approach is based on
circulating fluidized bed (CFB) reactors, which may use either a mixture
of limestone and correctives as raw meal in the clinker line or a single
raw meal if separation is not feasible. In the first case, particle sizes are
adjusted for each stream (Lena et al., 2022). Limestone is ground to
100-200 pm for CFB operation, taking advantage of its natural tendency
to undergo attrition and fragmentation during calcination. The coarse
calcined fraction is recirculated to the CFB carbonator to capture CO5
from kiln flue gases, while the finer fraction is fed directly into the kiln.
Correctives, by contrast, are ground to 10-20 um and exit the oxy-fired
CFB calciner in a once-through flow. The performance of this configu-
ration depends on the ratio of calcium entering the CaL process relative
to the total calcium input of the cement plant and is also affected by the
level of fragmentation. Under favorable conditions, specific primary
energy consumption for CO, avoided values as low as 2.8 MJ/kg CO4
have been reported (Lena et al., 2022).

Recently, novel CaL configurations employing moving-bed carbo-
nators have been proposed to capture CO; from smaller and more
dispersed emission sources (Lisbona et al., 2021; Abanades et al., 2023).
In this concept, the carbonator and calciner are physically separated,
with CO: transported between them as CaCOs at ambient temperature,
taking advantage of its high molar density. The moving-bed carbonator
design is specifically tailored for decoupled CalL (d-Cal) applications,
operating with Ca-solid feeds close to ambient temperature, flue gases at
stack conditions, and requiring limited space and auxiliary equipment.
The carbonated material is then conveyed to a centralized calciner,
where the sorbent is regenerated and returned to the carbonator. High
sorbent conversions (up to 0.6-0.8 mol CO2/mol Ca) can be achieved
due to the long residence times in the reactors (Criado et al., 2024),
which further reduces the costs associated with solid handling and
transport.

2.1.2. Indirectly heated carbonate looping

One of the main limitations of the traditional carbonate looping
(CaL) process is the high amount of oxygen required for the oxy-fired
calciner. This increases operating costs due to electricity requirements
in the air separation unit (ASU), as well as investment costs due to the
capital expenditures (CAPEX) associated with the ASU (Junk et al.,
2013). It has been estimated that this unit accounts for around 15% of
the CAPEX (Lena et al., 2022; Fu et al., 2021) and over 40% of the
electricity demand (Lena et al., 2022; Haaf et al., 2020a) of a commer-
cial CaL facility.

The disadvantages associated with the ASU can be avoided by
providing heat indirectly into the calciner, which removes the require-
ment of pure oxygen for the in-situ combustion. There are many ap-
proaches to indirectly heat the calciner of a Cal process, classified
according to the source of the heat: (i) via electrification, using plasma
burners, induction, or resistances (Svensson et al., 2021; Jacob and
Tokheim, 2023a, 2023b; Bajamundi et al., 2026; and the ELECTRA
project, https://www.electra-horizon.eu/ ); (ii) through addition of
steam (Wang et al., 2010; Fan et al., 2012; Ramkumar and Fan, 2010);
(iii) using solar heating (discussed in Section 2.1.3); and (iv) from
combustion in an external chamber.

The process configuration, in which the heat is provided from an
external combustor, is usually referred to as the indirectly heated car-
bonate looping (IHCaL) process (Greco Coppi, 2025). The IHCaL process
is illustrated in Fig. 4. Fuel is burnt in an external combustor (indicated
in a gray shading) using air. Different fuels can be used, including pro-
pane, coal, and refuse-derived fuels (Hofmann et al., 2024b). The off-gas
with CO; leaves the combustor toward the carbonator for carbon cap-
ture. Different strategies have been provided to transfer heat from the
external combustor to the calciner. Abanades et al. (2005) proposed
transferring heat to a fluidized bed calciner using metallic walls (see also
Grasa and Abanades, 2007) or solid heat carriers (see also Diego et al.,
2016b, and Martinez et al., 2011). Epple and Seeber (2014) intro-
duced a promising approach that consists in transferring heat via heat
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Fig. 4. Scheme of the indirectly heated carbonate looping (IHCaL) process. The
external combustor, indicated in a gray shading, provides the heat for the
calcination through a heat pipes heat exchanger.

pipes immersed in fluidized beds. IHCaL heat pipes transfer heat through
evaporation and condensation of sodium in a closed metal alloy tube
with an internal mesh (Hoftberger and Karl, 2016; Hoftberger, 2016).
They offer excellent performance, which explains why this is the only
approach that could be validated in pilot operations (Reitz et al., 2016).
Thus, the IHCal process using heat pipes is considered the most
advanced version of this technology.

Originally, the IHCaL process has been proposed for COy capture
from power plants (Junk et al., 2016a). This approach was studied
within the CARINA project (Epple et al., 2016), including pilot tests in
the 300-kWy, scale. However, the research efforts of the last years have
focused on integrating IHCaL technology in cements and lime plants,
where synergies in terms of integration of spent sorbent and heat re-
covery can be exploited, mainly within the ANICA project (Greco-Coppi
et al., 2024b; Strohle et al., 2021). Greco-Coppi et al. (2021a) introduced
two concepts for integrating the IHCaL process in lime plants for COy
capture (cf. Greco-Coppi et al., 2023a; Greco-Coppi et al., 2021b): (i) a
tail-end concept, suitable for retrofitting; and (ii) a fully integrated
concept for greenfield projects. Based on a study that considered a
600-tonnes-per-day lime plant in Germany, they indicated that high
degrees of heat integration are necessary to keep the heat requirements
within reasonable boundaries, inducing the use of a solid-solid heat
exchanger and combustion air preheating. The highly integrated
concept exhibited significantly lower heat requirements than the
tail-end configuration (>30% reduction). Similar results were presented
by Peloriadi et al. (2021) for a lime plant in Greece, comprising a
double-shaft kiln with a capacity of 150 tonnes of lime per day; thus
confirming the observations of Greco-Coppi et al. (2021a). Furthermore,
IHCaL configurations can achieve net negative CO4 emissions in the lime
production of more than —1.8 tcoa/tcap When fuels with a significant
biogenic fraction (e.g., SRF) are used in the external combustor
(Greco-Coppi et al., 2023b). These CO4 capture approaches are highly
competitive in terms of CO, avoidance costs, compared to other capture
technologies for the same applications (Greco-Coppi et al., 2024c).

In general, the application of the IHCaL process for lime and cement
production is promising in terms of economic indicators, as discussed in
Section 5.3. However, the integration of the spent sorbent in the pro-
duction (cf. Greco-Coppi et al., 2024b), as well as the high heat re-
quirements (cf. Greco-Coppi et al., 2021a) are challenges for the
implementation. Furthermore, practical issues related with the opera-
tion of the indirectly heated calciner and the heat pipes heat exchanger
need to be further addressed prior to commercialization (see Section
3.2.2).

2.1.3. Solar heating and new reaction pathways

In recent years, the integration of solar energy to supply the heat
required for the CaCOg calcination reaction has been proposed within
carbonate looping systems. Several technological development
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pathways have been explored, including tail-end CO: capture solutions
via carbonate looping integrated into cement production (Rincon Duarte
et al., 2022; Ferrario et al., 2023), as well as applications in Thermo-
chemical Energy Storage (TCES) systems (see recent reviews by
Raganati and Ammendola, 2023; Khan et al., 2024).

The CaCO3/CaO pair has emerged as a promising candidate for TCES
due to its high theoretical energy density (3—-4 GJ m~>), which enables
maximization of storage capacity (Ortiz et al., 2019). In the basic
concept of this technology, the endothermic calcination of CaCOs is
carried out in a solar-driven calciner that concentrates solar power,
producing CaO and COs as separate stored products. When energy is
required, these products are fed into the carbonator, where the
exothermic carbonation of CaO releases the stored energy, which can
then be harnessed in a power cycle (typically integrated into a combined
cycle, CC). Similarly, CaO/Ca(OH): hydration-dehydration systems have
also been widely investigated for thermochemical energy storage and
are based on similar materials and operating temperatures (Rougé et al.,
2017; Criado et al., 2017).

Most studies to date rely on process simulations, highlighting the
critical role of process integration in adapting carbonate looping tech-
nology to Concentrated Solar Power (CSP) plants (Ortiz et al., 2019).
Proposed process schemes involve complex networks of
high-temperature heat exchangers (gas/gas, gas/solid, and solid/solid),
which can theoretically achieve efficiencies of up to 45% when coupled
with regenerative CO, closed Brayton cycles—excluding the efficiency
of the solar receiver acting as the calciner (Chacartegui et al., 2016).

Initially, integration between CSP-CC and carbonate looping was
proposed through an indirect coupling of the power block with the
carbonator reactor, where energy is released (Ortiz et al., 2017). More
recently, direct integration of the carbonate loop into Solar Combined
Cycles (SCC-TCES) has been proposed within the SOCRATCES H2020
project (https://www.socratces.com/ ). In this novel scheme, a thermal
fluid (CO2 or CO2/H50) is heated to 1200°C by solar radiation. Part of
this energy is stored in the carbonate looping TCES, while the remainder
drives the combined cycle. When solar radiation is unavailable, the
TCES provides the necessary energy to operate the power block under
the same conditions as during solar operation (Ortiz et al., 2021).

Despite significant progress in component development and lessons
learned from different carbonate looping configurations, solar-driven
carbonate looping (whether for TCES or tail-end CO2 capture) remains
at a relatively low level of technological maturity compared to other
processes. While the carbonator reactor for Cal. TCES has been suc-
cessfully demonstrated in an entrained flow reactor at kW scale
(Chacartegui et al., 2025), the solar calciner (also referred to as a par-
ticle receiver) continues to represent the main technological challenge
(Ortiz et al., 2019). Solar-driven calciners can be broadly classified into
direct solid particle receivers (SPRs), where particles are directly
exposed to concentrated sunlight, and indirect SPRs, where an inter-
mediate heat transfer surface absorbs solar radiation and transfers heat
to the particles (Khan et al., 2024).

Novel reactor concepts for solar calciners suitable for coupling with
CSP have been reported in the literature, including cyclonic, free-falling
particle systems, fixed, fluidized, and moving beds, as well as rotary
receivers, in both direct and indirect configurations, for chemical re-
actions relevant to TCES (Tregambi et al., 2021b).

A series of processes that integrate the decomposition of CaCOs
within CaL systems with the production of valuable products have been
proposed in the recent years (Han et al., 2022). In CaL-based CCU pro-
cesses, the COy generated by decomposition of CaCOs is converted in
situ, thus reducing the CO; concentration in the calcination atmosphere
and allowing for a lower calcination temperature. Intense work has been
reported on the development of dual functional materials acting as CO2
sorbent and conversion catalyst in CO5 capture systems, where transi-
tion metals act as RWGS or methanation catalysts (Jin et al., 2024).
While CH4 production requires the presence of a methanation catalyst
together with CaCOs (Han et al., 2022), CaO itself has been proved to
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exhibit catalytic activity toward the RWGS reaction (Giammaria and
Lefferts, 2020; Sun et al., 2021). In this context and aiming at the
integration of renewable energy with the production of syn-fuels from
captured COs,, it has been recently proposed the desorption-enhanced
reverse water—gas shift process aiming to produce CO/H; from CaCO3
decomposition in Hy (Abanades and Grasa, 2024).

2.1.4. Sorption-enhanced carbonate looping

Sorption-enhanced carbonate looping (SE-Cal) refers to a family of
processes that integrate CO5 capture with fuel conversion reactions to
produce hydrogen-rich syngas. The core principle relies on the presence
of CaO in a gasifier, or a reformer, which removes CO; from the gas
phase and shifts the equilibrium of reactions such as steam reforming,
reverse water—gas shift, and gasification toward higher hydrogen yields.
This approach enables the production of syngas with high Hy content
and minimal CO/CO, concentrations and limits coke deposition. The
Ca0/CaCO3 equilibrium determines the operating temperature and
pressure in the reformer to maximize reaction displacement while
maintaining high COy capture efficiency. The calciner operates at
elevated temperatures and/or reduced pressure to regenerate CaO by
calcining the CaCO3 formed during reforming, producing a concentrated
CO4 stream suitable for carbon capture and storage (CCS) or utilization
(CCU). This family of processes can be classified as: sorption-enhanced
reforming (SER-Cal), when CO, removal enhances the steam reform-
ing of CHy4 or another fuel/process gas; sorption-Enhanced Water Gas
Shift (SEWGS-CaL) when CaO enhances WGS reaction in a CO/CO5 rich
gas stream or sorption-enhanced Gasification, (SEG-Cal) when the
presence of CaO enhances char gasification, reforming and WGS re-
actions in steam gasification of a solid fuel. Reactor configuration de-
pends on fuel type: solid fuels (e.g., biomass, residues) typically require
interconnected fluidized bed reactors (Karl and Proll, 2018), whereas
packed-bed configurations operating in parallel (Martinez et al., 2019)
or fluidized systems (Farooqi et al., 2025) have been proposed for liquid
and gaseous fuels. See Fig. 5, where the schematic general description of
sorption-enhanced CaL processes are depicted.

Hydrogen production via methane steam sorption-enhanced
reforming (SER) in interconnected fluidized beds has been experimen-
tally validated, and is currently at TRL 4 (Masoudi Soltani et al., 2021).
Development has progressed steadily (Meyer et al., 2014), and the Gas
Technology Institute (GTI) achieved 71 kW of Hy with >80 vol.% purity
(Mays, 2017). The technology has been scaled to 1 MWy, in the HyPER
pilot plant at Cranfield University (Lesemann et al., 2022), although
results have not yet been reported. Various process configurations have
been proposed to deliver concentrated CO5 at the regenerator outlet. For

(a) SE-Cal in interconnected fluidized bed reactors
(oxy-fired calciner).
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example, Martinez et al. (2013a) evaluated oxy-combustion of auxiliary
fuel and/or PSA off-gas in a circulating fluidized bed (CFB), achieving
74.2-76.6% equivalent hydrogen production efficiency and >98% CO-
capture. The HyPER project proposed an indirectly heated
entrained-bed calciner (HyPER, 2025), while (Yan et al., 2020b) com-
bined SER with chemical looping combustion (CLC), eliminating the air
separation unit and achieving theoretical hydrogen production effi-
ciency of 75.5% with nearly complete carbon capture. An adaptation of
this sorption-enhanced chemical looping reforming process scheme
operating with three interconnected fluidized beds is under develop-
ment and described in more detail in section 2.2.3.

Recent research has focused on the development of synthetic CaO-
based sorbents, catalysts, and bifunctional materials (Farooqi et al.,
2025). However, fluidized-bed SER faces a major limitation: the need
for low pressure differences between reactors, which restricts operation
at elevated pressures, as the calcination equilibrium imposes chal-
lenging temperatures for sorbent regeneration. As an alternative,
packed-bed SER reactors operating in parallel enable pressure swing
between reforming and regeneration stages (Martinez et al., 2019). The
main challenge for the packed-bed configuration still remains on effi-
ciently providing the energy required for regeneration of the CaCOs
formed during the Hy production stage. The most developed option is
the Ca-Cu process that proposes the integration of a Cu/CuO redox loop
with the calcination of the CaCO3 (Abanades and Murillo, 2009). The
process has been typically proposed to be operated in parallel pressur-
ized fixed-bed reactors, configuration that allows the functional mate-
rials to remain steady whereas the reacting gases are repetitively
switched between SER and redox conditions. It has been validated in
different pilot plants where the performance of individual process stages
was assessed with commercial functional materials: reforming catalyst,
Cu-based material and sorbent. The feasibility of the overall process was
brought to TRL 5 in a packed-bed set up located at Eindhoven Univer-
sity. In this set-up, the SER process via Ca-Cu was run for more than 285
consecutive cycles producing a 95.6% vol. Hy stream at an S/C=3.2,
maximum bed temperature of 668 °C and 2 bar (Martinez et al., 2019).
Through technoeconomic analysis, a 74.1% hydrogen production effi-
ciency was estimated, with a carbon capture ratio of 95.6% and a lev-
elized cost of hydrogen of around 0.178 € per Nm§, for a standalone Hy
production plant operating at 25 bar (Riva et al., 2018). Process versa-
tility was assessed through modeling work adapted to diverse industrial
applications (ammonia production, power generation, pre-combustion
CO4 capture in NGCC and steel production) whose principal results
are compiled in the work of Martinez et al. (2019). A variant of the
Ca-Cu process has recently achieved TRL 7 integrated in the steel

(b) SE-Cal in packed bed reactors.
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Fig. 5. Schemes of the sorption-enhanced carbonate looping (SE-CaL: SER-CaL or SEG-CaL) process: (a) SE-CaL in interconnected fluidized bed reactors, using an
oxy-fired calciner; and (b) SE-CaL(SER-CaL) in packed bed reactors, where a redox loop provides the energy for CaCOj3 calcination.
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production sector within the C4U project (https://c4u-project.eu/ ). The
process named Calcium Assisted Steel-mill Off-gas Hydrogen production
process (CASOH) was designed to decarbonize blast furnace gas (BFG) in
steel plants, producing a valuable hydrogen-rich gas and nearly pure
CO4 (Fernandez et al., 2020). The main stage of the process is the
CASOH itself, where the CO contained in the BFG (20-25% vol.) reacts
with steam to produce a Hy/N3 gas, catalyzed by the Cu-based material.
The majority of the CO5 (both produced via WGS, and that present in
BFG) reacts with CaO, allowing for very high CO conversion in a range of
temperatures between 550 and 650 °C (i.e., over 97% vol. at 550 °C and
1 bar, and 90% vol. at 650 °C and 10 bar). The CASOH process was first
experimentally demonstrated at TRL < 4 (Abbas et al., 2022; Grasa
et al., 2023) and then scaled up to 1 MWy,, TRL 7, where the proof of
concept was achieved, treating real BFG from an ArcelorMittal factory
located in Asturias (Spain). The plant entered in operation in the first
half of 2024 and the results produced were relevant for all gas-solid
reactions involved in the process, producing a gas with 40% Hy with
CO4 capture efficiency over 95% and accumulating over 550 h of
operation (Fernandez et al., 2025). Efforts have been done through
simulation to optimize BFG decarbonization strategies balancing ther-
mal output, efficiency and COy capture (Khallaghi et al., 2025) and
enhanced versions of the CASOH process are under investigation by
implementing vacuum pressures to the calcination stage (Ferndndez
et al., 2025).

Focusing on solid fuels, biomass steam sorption-enhanced gasifica-
tion (SEG) has been developed in interconnected fluidized bed reactor
systems. In a first reactor the solid fuel (biomass, residues) is gasified
with steam in presence of CaO that removes CO5 from gas phase dis-
placing gasification, reforming and WGS reactions (typical temperatures
between 675-750 °C). Unconverted char and the CaO/CaCOs stream
exiting this reactor is directed to the calciner unit where CaCOs is
calcined thanks to the combustion (or oxy-combustion) of char (and
additional fuel if needed). The energy required to sustain the endo-
thermic gasification process is provided by the hot regenerated sorbent
stream and the exothermic CaO carbonation reaction in the gasifier. SEG
was successfully achieved with wood pellets at the 100-kW scale in
interconnected fluidized bed systems under autothermal conditions, at
the Vienna (Pfeifer et al., 2007) and Stuttgart (Hawthorne et al., 2012).
Despite the different geometries of the pilots and operation conditions,
in terms of solid circulation rate and bed composition, the consistency of
the process producing a gas with around 70% vol. Hy in dry basis was
proved and cold gas efficiencies between 60% and 77% were reported
(Parvez et al., 2021). Relevant differences were observed in the reported
tar contents, with lower amount at the tests in Vienna, mainly due to the
presence of a tar reforming catalyst in bed in their tests, and to the
higher reforming temperature.

Recent progress in this technology has been oriented to prove its fuel-
flexibility through the use of low-cost fuels as residual or waste materials
known to present important challenges due to their ash and/or con-
taminants content. Although the core of the gasification process might
not be affected by fuel composition, all the peripheric equipment dedi-
cated to fuel dosing and/or syngas cleaning (from tars and contami-
nants) would need to be adapted. Redesigning the upper part of the
gasifier as a countercurrent column with hot bed material flowing down
and product gas streaming upwards was the strategy adopted in the
advanced 100-kW pilot at Vienna to enhance gas-solid contact, resi-
dence time, and promote fuel and tar conversion and the WGS reaction
in presence of CaO (Miiller et al., 2017). The benefit of this design led to
an improvement in gas cold efficiency (GCE) up to 74% on wood pellets
gasification, and a reduction in tar content (as low as 4.8 g/Nm° gas d.b.
for GCMS and 0.9 g/Nm® gas d.b. for gravimetric tar). Due to the
technical challenges of low-grade fuels, scarce experimental campaigns
have been performed in dual fluidized bed systems under autothermal
conditions. Results from single runs of diverse residual fuels reported by
Benedikt et al. (2018) served to prove the feasibility of SEG in DFB to
process waste fuels. Recently, the technology has been scaled-up with

International Journal of Greenhouse Gas Control 155 (2026) 104718

the construction and commissioning of a 1-MWy, (fuel power input) DFB
pilot plant (Kadlez et al., 2025).

The ability of the SEG process in DFB systems to produce syngas with
an adequate composition for a downstream catalytic syn-fuel synthesis
process, was proved in the 200-kW DFB pilot plant at IFK Stuttgart for
woody biomass (Hafner et al., 2021). Plant configuration allowed con-
trolling the mass flow of solids between gasifier and combustor. The
continuous feeding of limestone to the calciner allowed the modulation
of CO, capture as function of operating parameters. In this pilot plant,
product gas composition with Ho/CO ratios between 8 and 1 were ob-
tained at gasification temperatures between 650 and 775 °C, with low
tar contents (as low as 1 g/m> d.b., STP of gravimetric tar at 771 °C).
Increasing CaO circulation rate was beneficial to improve Hy content
and to reduce CH4 and light HC contents, in line with results obtained at
lower-scale pilot plants (Martinez et al., 2020). In this plant, the feasi-
bility of the SEG configuration with oxy-fired calciner/combustor
(oxy-SEG) was confirmed (Parvez et al., 2021).

Although gasification of residues with high ash content (i.e.,
municipal solid waste, chicken manure, sludge) was already proved in
the DFB systems described above (Fiirsatz et al., 2021), studies in
smaller pilot plants allowed for a deeper analysis of the effect that
gasification conditions had on the fate of contaminants (Schmid et al.,
2021b; Martinez et al., 2022). Therefore, it was corroborated that CaO
has an excellent ability to retain S from fuel, bringing H,S emissions
down to the equilibrium at gasification temperature, with very low
amounts of COS and no CH4S in the gas (Martinez et al., 2022; Schmid
et al., 2018). With respect to N-rich fuels (mainly sewage sludge), it was
observed that under SEG conditions a relevant fraction of the N in the
fuel ends as NH3 in the produced gas. The ratio Ca/C had a positive effect
reducing the NHj3 in the gas, but the fraction of NHg released was higher
compared with oxy-steam biomass gasification at higher temperatures
(Moles et al., 2024).

2.2. Chemical looping processes

Chemical looping technologies have emerged as promising ap-
proaches to facilitate the energy transition toward a low-carbon energy
conversion. These processes represent a versatile platform for the effi-
cient and clean production of heat/power, synthesis gas (syngas), or
hydrogen from various hydrocarbon fuels, offering significant advan-
tages over conventional methods. The fundamental principle involves
using a solid oxygen carrier, typically a metal oxide, to transfer oxygen
from air to a feedstock, thus avoiding the direct contact between them
and enabling an efficient conversion with inherent CO: separation
(Adanez et al., 2012). The operating principle of the chemical looping
processes are summarized in Fig. 6. Three broad families in fuel con-
version can be differentiated among the chemical looping technologies:
(i) chemical looping combustion (CLC) was formerly developed for
heat/power with CO:z capture; (ii) chemical looping gasification (CLG)
extends this concept to gasify solid carbonaceous feedstocks; and (iii)
chemical looping reforming (CLR), which offers a route to reform
gaseous and liquid hydrocarbons. Both in CLG and CLR, the product is a
high-quality synthesis gas (syngas) from an efficient and auto-thermal
process while limiting COz emissions to the atmosphere (Zafar et al.,
2005). For that, a partial oxidation of the fuel is performed but
without direct contact between fuel and air, preventing nitrogen dilu-
tion of the produced syngas. The produced syngas is a key intermediate
for chemical and energy sectors, and the indirect oxygen transfer in
CLG/CLR enables its integration with simplified downstream processes
for the syngas managing, which emerges as a major advantage for
low-emission hydrogen/syn-fuels manufacture (Ramezani et al., 2023).
In the novel sub-class sorption-enhanced CLR (SE-CLR), a solid CO:
sorbent (e.g., CaO, Li-based, Li»ZrOs) is added to shift equilibrium to-
ward Hy by removing COs in-situ; this can yield very high H> purity and
simplify downstream separation (Masoudi Soltani et al., 2021). The
SE-CLR process is illustrated in Fig. 6.c. In addition, chemical looping
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(a) Chemical looping combustion (CLC) and  (b) Chemical looping reforming (CLR)
chemical looping oxygen uncoupling (CLOU)  and chemical looping gasification (CLG)
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(c) Sorption-enhanced chemical looping
reforming (SE-CLR)
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Fig. 6. Operating principle of chemical looping processes: (a) chemical looping combustion (CLC), (b) chemical looping reforming (CLR) and gasification (CLG), and
(c) sorption-enhanced chemical looping reforming (SE-CLR). The thick arrows represent the transport of oxygen carrier (OC) (a and b), and OC and sorbent (c). The
reactions between brackets refer to the OC and the sorbent. The abbreviation “Me” indicates the active metal for the oxygen carrier (e.g., Fe), and the letter “X”, the

active element for CO; sorption (e.g., Ca).

technology has expanded its application significantly (Zeng et al., 2018)
to include processes like HoO splitting (Voitic and Hacker, 2016), CO4
splitting (Garcia-Dominguez et al., 2025), and even ammonia synthesis
(Han et al., 2025), leveraging the same fundamental redox principles.
However, these processes are not covered by this review. For further
applications of chemical looping technology in the chemical industry,
the reader is referred to the work of Zhu et al. (2020).

Recent studies in chemical looping have focused on developing
robust oxygen carriers to enhance performance and durability, opti-
mizing reactor configurations, and integrating chemical looping with
renewable energy sources to achieve autothermal operation and effi-
cient heat transfer (Ramezani et al., 2023). These innovations align with
global decarbonization goals and the transition toward hydrogen-based
energy systems, making them highly relevant in advancing
carbon-neutral energy systems.

Recently, metal-based open-loop redox concepts for energy storage
and transport have gained much attention (Bergthorson, 2018).
Reduced metals such as iron and aluminum can serve as low-carbon
energy carriers by undergoing oxidation to release heat, after which
they are regenerated through reduction in off-site facilities powered by
abundant renewable energy. This “open-loop” chemical looping
approach is beyond the scope of this review.

2.2.1. Chemical looping combustion

In its most basic form, chemical looping combustion (CLC) involves two
interconnected reactors, the Air Reactor (AR) and the Fuel Reactor (FR),
as shown in Fig. 7. In the FR, the fuel is converted to CO2 and H»O in a
nitrogen-free environment through the overall reaction of fuel with
oxygen carrier (OC):

N, CO, and H,0
T Me,O, T
/\
Air reactor

T Me,O, T

Air Feedstock
(gas, liquid, solid)

Fuel reactor

Fig. 7. Scheme of the chemical looping combustion (CLC) process.

(2n+ m) Me, Oy + C,Hppn—(2n+ m)Me,O,_; +n CO, +m H,0 (R1)

Here, Me,Oy and Me,O,_; are the fully oxidized and reduced forms of
the oxygen carrier and C,Hjy,, is the fuel, which could be in gaseous,
liquid or solid form. The reduced oxygen carrier is transported to the air
reactor, where it is reoxidized with the combustion air according to:

2 Me,O,_; + 0,—2 Me,O, (R2)

After condensation of H20, a highly concentrated stream of COq, suit-
able for CCS, can be obtained. Implementing CCS with CLC is advanta-
geous, as all the converted carbon is obtained in the concentrated stream
from the FR without the need for any downstream gas separation pro-
cess. This should result in lower costs for carbon capture, a claim which
has been supported by a number of techno-economic studies (Lyngfelt
and Leckner, 2015; Haaf et al., 2020c). The economic aspect is further
discussed in Section 5.1.

Chemical looping with oxygen uncoupling (CLOU) is a variation of CLC
(Mattisson et al., 2009; Adanez-Rubio et al., 2012; Rydén et al., 2014).
Here, the oxygen carrier releases significant fractions of oxygen to the
gas phase in the FR through decomposition of a metal oxide to a reduced
solid oxide and gaseous oxygen, according to reverse reaction of (R2).
The released oxygen can react directly with the fuel in FR through
normal combustion. The reduced oxygen carrier then needs to be
oxidized via reaction (R2), in a similar way to normal CLC. In order to be
a viable route, oxygen carriers with “uncoupling” properties need to
have special thermodynamic and kinetic requirements in comparison to
oxygen carriers used in normal CLC, explained hereafter. This mecha-
nism has been shown to be highly advantageous for converting solid
fuels or char in the FR, as the slow char gasification step can be fully or
partially “replaced” with normal fuel combustion (Addnez et al., 2018).
Further, utilization of CLOU should provide advantages also for gaseous
and liquid fuels (Jing et al., 2014).

The underlying concept of chemical-looping was introduced more
than 70 years ago when Lewis et al. (1949) proposed a method for
production of syngas or carbon dioxide from a carbonaceous fuel using
iron and copper-based oxygen carriers. Originally, the aim of the pro-
posed methodology had little to do with sustainable energy conversion.
To our best knowledge, this process was forgotten until the pioneering
research conducted by Ishida et al. (1987). There was only limited
research in the 90’s on the process, most of it performed at the Tokyo
Institute of Technology (Ishida and Jin, 1994; Ishida et al., 1996). It was
first in 1994 when the technology was proposed as a combustion option
for efficient COy capture (Ishida and Jin, 1994). At the start of the
millennium, the research around CLC accelerated, spurred by increased
interest in carbon capture, where this emerging technology had a sig-
nificant advantage with respect to efficiencies and costs in comparison
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to other technologies, such as post-combustion capture.

There has been a significant number of review papers on chemical
looping processes in the past two decades—see, for instance, the work
from Zhao et al. (2017). Comprehensive reviews have been performed
by the researchers of the ICB-CSIC (Adanez et al., 2018; Adanez et al.,
2012; Mendiara et al., 2018a). There is currently intense and contin-
uous production of review papers on various aspects of chemical looping
(Zhou et al., 2025; Seyyedattar and Zendehboudi, 2026; Zhao et al.,
2026). The present review elaborates on the development of CLC, with
focus on trends and operations in the past decade, including (i) process
configurations, (ii) oxygen carrier development, (iii) pilot-operations
and (iv) ash species pathways, with the latter two sections covered in
section 3.3.1.

2.2.1.1. Process configurations for CLC

2.2.1.1.1. Inter-connected fluidized beds. CLC was demonstrated for
the first time in 2003 at Chalmers University of Technology using a
reactor based on inter-connected fluidized beds (Lyngfelt et al., 2005),
as proposed a few years earlier (Lyngfelt et al., 2001). The unit re-
sembles that of a conventional circulating fluidized bed boiler (CFB)
with the addition of a fuel reactor on the return side of the main
combustor. Since inception, several alternative variations have been
proposed, including the use of CFBs for both the air and the fuel reactor,
which is the design utilized by the two largest dedicated CLC units in
Europe, i.e., at Technical University of Vienna (Proll et al., 2009) and
Technical University of Darmstadt (Strohle et al., 2014b). Other con-
figurations use spouted beds (Shen et al., 2010), pressurized systems
(Xiao et al., 2012), and novel configurations for CLOU (Zylka et al.,
2025). As was shown in review papers by Mattisson et al. (2018) and
Adanez et al. (2018), up to 2018, most pilot operations have been
conducted in interconnected fluidized beds using gaseous, solid, and
liquid fuels. As explained in Section 3.3.1, this is also the case for more
recent operations.

Gaseous and liquid fuels are normally introduced from the bottom of
the fluidized fuel reactor, with the fuel reacting directly or through in-
termediates with the fluidized oxygen carrier particles to CO5 and HyO
via the reaction of (R1). Solid fuels, like coal or biomass, are normally
fed to the bed via auxiliary feeding systems. In the bed, the fuel devo-
latilizes to char and volatiles. The latter can react directly with OC
particles (Eq. (R1)) in a similar way as with gaseous fuels. However, the
char needs to be converted to a gaseous intermediate, such as CO or Hp,
via in-situ gasification before reacting with the oxygen carriers and
completing the combustion process. The fuel reactor is normally fluid-
ized with Hy0 or COs, hence there is a significant driving force for in-situ
gasification processes to proceed in the FR. In order to achieve complete
conversion of solids in the fuel reactor and hence to prevent unburnt fuel
from reaching the air reactor, it is not uncommon to use a carbon
stripper that recirculates unburnt fuel from the outlet of FR back to the
main bed (Markstrom and Lyngfelt, 2012; Kramp et al., 2012). The
burnable gaseous components also need to be converted to a high extent
in order to avoid costly separation processes at the outlet. Stanicic et al.
(2021) found that significant fractions of combustibles are present in the
outlet of the FR for a range of pilot units using solid fuels and Fe-based
oxygen carriers. This is evidently a major challenge, and there have been
several strategies employed to address it and increase carbon burnout in
the FR:

e Use of a separate chamber after the FR where pure Os is introduced
in order to react with the residual unburned components. This oxy-
polishing step can likely achieve a high degree of burnout, but at
the cost of additional components and of pure Oy requirements
(Gayan et al., 2013; Mei et al., 2025).

e Use of oxygen carriers with uncoupling or CLOU properties. The
release of pure oxygen to the gas phase could promote burnout,
especially if oxygen is released by the OC near the gas outlet of the FR
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or in sections where there may be insufficient gas-solid contact
(Mendiara et al., 2016; Ohlemiiller et al., 2019).

e Use of novel arrangements in the fuel reactor in order to enhance
contact between gas and oxygen carriers (Nemati et al., 2024; Li
et al., 2022a; Li et al., 2022b).

Most recent operations have been conducted in interconnected flu-
idized beds (see Section 3.3.1). The broad range of units and the wide
range of utilized oxygen carriers demonstrate that the technology is
robust and flexible. The similarity of the concept to conventional
circulating fluidized beds also opens up the opportunity for flexible
systems which can operate in normal combustion mode as well as a
chemical-looping combustor, depending upon market conditions. This is
a concept which is currently being explored in a major European inte-
grated project “Bio-FlexCLC” (https://www.bioflexclcproject.eu/).

2.2.1.1.2. Moving bed configurations for CLC. Some research groups
utilize a moving bed configuration in the fuel reactor (Kim et al., 2013;
Fan, 2010). When used for solid fuels, the fuel is introduced in the
middle of a moving bed of oxygen carriers moving axially downwards.
The reactive gases generated from devolatilization and char gasification
move countercurrent to the downward moving oxygen -carriers,
enabling good contact between the gases and the oxygen carriers. This
concept has primarily been developed and explored by the Fan research
group at Ohio State University (Tong et al., 2014; Zhang et al., 2021).
Here, mainly Fe-based oxygen carriers have been used and high fuel
conversion has been reported. The main challenge is related to main-
taining a non-fluidized FR while still having reasonable cross-sectional
areas of the FR. This is mainly achieved by increasing the particle size
of the oxygen carriers, something which entails the need for high ve-
locities in the air reactor in order to entrain particles back to the fuel
reactor. Other configurations have been proposed, for instance, the use
of a bubbling bed air reactor with connected riser (Schwebel et al.,
2012). As is shown in the Table in Section 3.3.1, currently moving
beds have been demonstrated to 250 kW size using solid fuels (Zhang
et al., 2021).

2.2.1.1.3. Packed or fixed bed reactors. There have been a significant
number of studies which explore the use of fixed or packed bed con-
figurations of CLC (Naqvi and Bolland, 2007; Nordness et al., 2016; Hua
etal., 2016). The basic idea here is to use a packed bed of oxygen carrier
particles which react with the fuel (which needs to be in a gaseous state).
When the oxygen in the bed is depleted, the gas is switched to oxygen,
thereby oxidizing the oxygen carriers back to the original state. This
sequence is similar to the overall reactions from (R1) and (R2), but with
the main difference to the fluidized or moving-bed concept being that
gases are alternatingly switched and exposed to the oxygen carriers
rather than transport of oxygen carriers between the reactors. Advan-
tages would be that attrition likely is minimized and that the process is
more amiable for pressurization. The drawbacks would likely be the
problems related to gas switching at high temperatures as well as heat
management and local hotspots. Finally, conversion of solid fuels would
entail a prior gasification step, as it is likely that only gaseous or liquid
fuels would work with this concept.

2.2.1.2. Oxygen carriers for CLC. The cornerstone of the CLC technol-
ogy is finding oxygen carrier particles which are sufficiently reactive
with fuel and oxygen while at the same time having high enough oxygen
transport capacity to transfer oxygen from air to fuel and high resistance
toward attrition over many redox cycles. It is desirable that the oxygen
carrier material be produced by low-cost and facile synthesis methods to
eventually be produced at an industrial scale. The synthesis method
must produce particles suitable for the reactor in which they will be
used. Thus, micronized particles (e.g. 100-500 pm) are demanded for
fluidized bed reactors, but pelletized particles in different shapes (e.g.
spherical or cylindrical) may be required for packing configurations to
reduce the pressure drop in the reactor but minimizing mass and heat
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transport issues inside the particles. As hundreds or even thousands of
papers have been published around CLC and oxygen carriers, it would be
a monumental task to give a precise and all-encompassing overview of
all materials tested in the laboratory, but there are a number of more
detailed reviews where more specific information can be found
regarding oxygen carrier development (e.g., Li et al., 2017; Luo et al.,
2015). These, and other general review papers on CLC, give a broad
view of the different materials which have been investigated for CLC. In
this section we focus on recent developments based on pilot operations.
The pilot operations themselves are described in Section 3.3.1. Below we
also briefly discuss two promising and recent trends within oxygen
carrier science and development: (i) the use of high order complex
materials as oxygen carriers for CLC and CLOU and (ii) the use of
computational methods for oxygen carrier discovery and understanding.
2.2.1.2.1. Oxygen carrier materials: from mono-metallic to high-
entropy oxides. Early research on oxygen carriers focused on mono-
metallic oxide systems, primarily utilizing transition metals such as
Nickel (Ni), Iron (Fe), Copper (Cu), Manganese (Mn), and Cobalt (Co)
(Cho et al., 2004). Among these, NiO initially demonstrated superior
oxidizing capacity for hydrocarbon fuels, attributed to its combination
of good surface catalysis and rapid oxygen transfer. This property made
NiO particularly effective for gaseous fuels like natural gas, where no
solid char is involved in the reaction mechanism. At Chalmers University
of Technology in Sweden, a Ni-based oxygen carrier with enhanced
attrition resistance, successfully demonstrating its stability over 1000
hours in a dedicated test unit (Linderholm et al., 2009). However, as the
focus of chemical-looping research shifted from gaseous to solid fuels,
such as petroleum coke and coal, the advantages of Ni-based carriers
diminished. This is because, in solid-fuel combustion, the reactive spe-
cies are CO and Hy, rather than hydrocarbons, and other metal oxides
than Ni are also highly reactive with these gaseous compounds.
Furthermore, concerns regarding Ni’s toxicity, cost, and sensitivity to
impurities led to increased interest in more environmentally benign al-
ternatives, particularly Cu-, Mn-, and Fe-based oxygen carriers. The
problem generally seen with Mn- and Fe-based materials was a combi-
nation of low reactivity with hydrocarbons and high degrees of attrition
and fragmentation, often resulting in less than perfect gas conversion
and low lifetime values of the particles. It has been observed that the
degree of particle breakdown is enhanced by the chemical stress when
operation demands a high variation of the oxygen carrier conversion.

The introduction of oxygen carriers with uncoupling capabilities
fifteen years ago was a breakthrough (Mattisson et al., 2009). The ox-
ygen released in the fuel reactor can react directly with the fuel through
combustion. CLOU materials are characterized by (i) the ability to
release gaseous oxygen at a sufficient equilibrium partial pressure of
oxygen at relevant combustion temperatures, and (ii) exhibiting an
equilibrium partial pressure of O low enough for oxidation to be
possible at the oxygen concentration level in the outlet of the air reactor.
Typically, an equilibrium concentration somewhat below 5% is advan-
tageous at the wusual operating temperatures of the AR (i.e.,
900-1050°C). There are several benefits of utilizing oxygen carriers with
so-called uncoupling properties: (i) the combination of uncoupling and
combustion of solid fuels means that the gasification reactions could be
partially or fully eliminated; (ii) oxygen release from particles on the
freeboard could help convert combustible components; and (iii) the
oxygen release could compensate for imperfect gas solid mixing.

For the CLOU process, it is important to consider the interplay be-
tween oxygen partial pressure of the metal oxide system, the heats of
reaction, and the temperature in the reactors. Both Mn and Cu have
oxide systems which could be utilized for CLOU at certain temperatures
and partial pressures of O, However, Mn oxides do not usually show the
oxygen uncoupling capability at the relevant operating conditions in
CLOU regarding oxygen concentration in the air reactor and tempera-
ture (800-1000 °C). Thus, CuO seems to be the only monometallic oxide
with suitable thermodynamic and kinetic properties to be used in CLOU.
Still, simple Cu-based materials are burdened with low melting
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temperatures, high attrition, and high cost. Pure Mn,03 could release O,
in the fuel reactor, but the kinetics are insufficient. Hence, major efforts
have been performed in the last decade to improve performance of Cu-
and Mn-based oxygen carriers (Mei et al., 2015; Fan et al., 2015; Filsouf
et al., 2026; Lysowski and Ksepko, 2025). The common denominator for
all of these investigated materials is that they contain manganese or
copper in the structure. For Mn-based material the oxides are normally
combined with Ca, Mg, Fe, Ni, Ti and/or Si (Schmitz et al., 2016; Liet al.,
2024a; Mattisson et al., 2016; Galinsky et al., 2016; Adanez-Rubio et al.,
2016). Normally, these combined oxides have an equilibrium partial
pressure of Oy which is somewhat higher than for pure CuO or MnyOs,
meaning that higher temperatures can be used in the combustion pro-
cess, i.e., 850-1000°C. Also, natural Mn-ores can contain significant
quantities of the above-mentioned species, and several researchers have
found clear uncoupling properties (Sundqvist et al., 2015; Li et al.,
2024a). Recently, the use of so-called high-entropy oxides was demon-
strated for use as oxygen carrier for CLC (Adanez-Rubio et al., 2024).
Here, an oxygen carrier material containing equimolar amounts of Fe,
Mn, Cu, Ti and Mg was found to have suitable chemical and mechanical
properties as an oxygen carrier. The fact that this sort of material can be
oxidized and reduced in the same phase through oxygen transfer in
vacancies could have significant implications for oxygen carrier devel-
opment, and this new class of materials opens up for an almost infinite
compositional space and possibilities to optimize performance of oxygen
carriers.

2.2.1.2.2. Computational methods for increased understanding and
oxygen carrier discovery. Although the CLC community has come a long
way, with many promising oxygen carriers developed, there are many
compelling reasons to continue exploration: (i) limited work with
biomass with significant fractions of reactive ash species, (ii) attrition
and stability needs to be improved, (iii) the rapid expansion of other
applications using oxygen carriers, and (iv) recent advances with respect
to multi-component and entropy-stabilized oxides. The recent advance
of computing power, artificial intelligence, and machine learning opens
up a new frontier for oxygen carrier exploration, and there have been
some recent interesting efforts:

e Use of high-throughput screening methods for oxygen carrier dis-
covery (Yang and Li, 2025; Brorsson et al., 2023).

e Use of machine learning for establishing oxygen carrier performance
(Yan et al., 2020a).

e Use of Density Functional Theory (DFT) to predict thermodynamic
stability (Gastaldi et al., 2025).

e Use of electronic structure methods to improve fundamental under-
standing of materials oxygen transport and chemical reactions (Li
et al., 2023; Xing et al., 2024).

These are just some examples of recent computational studies using
different types of computational tools for oxygen carrier development. It
is likely that such methods will continue to be used more frequently in
the coming years with respect to oxygen carrier development. Consid-
ering the interesting properties of higher-order and entropy stabilized
oxides discussed above, artificial intelligence and machine learning al-
gorithms could be instrumental tools for rapid prediction of viable
compositions. The compositional space increases exponentially with the
number of elements in the oxygen carrier, and traditional thermody-
namic and “trial-and-error” approaches may be intractable for predic-
tion and optimization purposes. Machine learning and Al-algorithms
could be established to propose a manageable number of oxygen carrier
candidates in the cosmically large compositional space, which can then
be investigated experimentally.

2.2.2. Chemical looping gasification

The aim of chemical looping gasification (CLG, Fig. 8) is to produce a
high-calorific, nitrogen-free syngas from a solid feedstock that retains
most of the feedstock energy, while avoiding the requirement for air
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Fig. 8. Scheme of the chemical looping gasification (CLG) process.

separation as in oxygen-blown gasification. Therefore, the chemical
looping principle is adapted to transfer only enough oxygen to balance
endothermic gasification reactions in the fuel reactor (FR) with
exothermic oxidation reactions in the air reactor (AR). Consequently,
solid transportation—and thus heat transportation—between the re-
actors plays a crucial role in the process (Dieringer et al., 2020; Marx
et al.,, 2023b). Mechanistically, circulating oxygen carriers transport
both lattice oxygen and sensible heat from the AR to the FR, and
chemical energy (in the form of reduced metal) from the FR to the AR,
where exothermic oxidation in the AR supplies the heat required for
endothermic reduction and gasification in the FR.

The CLG process concentrates carbon in the syngas stream, which is
beneficial for carbon-negative process chains, as a COz-separation step is
usually required regardless (Kumar et al., 2022b). Because the solid
feedstock requires good contact with the oxygen carrier, reactor setups
typically use either fluidized or moving beds. However, since incomplete
conversion of a solid feedstock is targeted to maintain syngas quality,
carbon entrainment from the FR and transport toward the AR, as well as
formation of condensable hydrocarbons (tars), are inherent challenges.
Operating conditions must therefore balance cold gas efficiency, hy-
drocarbon production, and carbon slip, with temperatures in excess of
850°C being favored (Dieringer et al., 2020; Marx et al., 2023a).

2.2.2.1. Oxygen carriers for CLG. Oxygen carrier (OC) options for CLG
are generally the same as for CLC operation, with additional options of
OCs that are unable to fully oxidize syngas species due to thermody-
namic limitations. These options reside within the so-called syngas re-
gion of the Ellingham diagram (Luo et al., 2015) and consist mainly of
ceria (CeOy), but also include NiO and iron-based OCs. The syngas re-
gion represents thermodynamic conditions where oxygen carriers can
partially oxidize carbonaceous materials without fully converting CO
and H: to CO:z and H-0, thus preserving syngas quality. However, OCs
that can fully oxidize a feedstock are also viable when suitable process
control methods for limiting the oxidation of syngas species are utilized
(Dieringer et al., 2020). As OCs come into contact with the solid feed-
stock and its ash, they may undergo interactions that degrade OC per-
formance. Therefore, lower-cost materials are more favorable, which
has led to extensive research and OC screening for different waste ma-
terials (Goel et al., 2023). Wastes from steel production, particularly
steel converter slag (Condori et al., 2021c) have received the most
attention due to their low cost and availability. Additionally, steel
converter slag shows interesting characteristics in reducing the forma-
tion of higher hydrocarbons (Hildor et al., 2023) with experiments
reporting Cz fractions typically below 2.5%, attributed to the OC surface
oxidation and catalytic interactions with retained alkali species.
Among natural minerals, ilmenite (FeTiOs) is the most adopted and
investigated option (Marx et al., 2023a; Dieringer et al., 2023b; Condori
et al., 2021b; Condori et al., 2023; Li et al., 2026; Yuan et al., 2023), with
iron ores also receiving significant attention (Shen et al., 2018; Wei
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et al., 2015a, 2015b; Ge et al., 2016a, 2016b; Condori et al., 2021a).
Manganese ores are also considered promising materials for continues
operation (Condori et al., 2021a).

2.2.2.2. Feedstocks for CLG. Biomass of various types represents the
main focus for CLG feedstock studies, with plastic wastes increasingly
coming into focus for continuous applications (Panitz et al., 2025;
Falascino et al.,, 2024) and some publications examining coal as a
feedstock (Yuan et al., 2023; e.g., Shen et al., 2018). While conversion of
woody biomasses appears to pose no significant issues in CLG (Marx
et al., 2023a; Dieringer et al., 2023b; Li et al., 2026) the processing of
herbaceous materials involves the risk of agglomeration (Dieringer
et al, 2023a; Di Giuliano et al., 2023). The specific problems of
agglomeration during biomass chemical looping were addressed in a
recent comprehensive review by (Miao et al., 2022) with the main
conclusions that agglomeration can be reduced with additives and that
OC selection and preparation play critical roles in agglomeration risk.
Agglomeration tendency increases with temperature and is influenced
by ash chemistry, particularly the presence of alkali metals (K, Na) and
low-melting-point eutectics that form between ash components and
oxygen carrier materials. Additionally, pretreatment of biomass has a
significant effect and can enhance the performance and stability of the
CLG process (Lebendig et al., 2022; Lebendig and Miiller, 2022; Di
Giuliano et al., 2023).

2.2.2.3. Novel concepts. Two notable concepts are being investigated to
alleviate the problem of autothermal operation and the required heat
transfer between reactors. To enhance the temperature of the FR,
external heat can be supplied via solar irradiance or via microwaves,
enabling novel process configurations that decouple heat supply from
oxygen carrier circulation. Solar-assisted CLG concepts are pursued
mainly on a theoretical level (e.g., Sun and Aziz, 2022), with experi-
mental evidence of the concept being very limited (Xu et al., 2024). In
contrast, microwave-assisted chemical looping has a larger base of
lab-scale validation, with batch experiments demonstrating its feasi-
bility (Fu et al., 2024; Ahmad et al., 2024; Li et al., 2025a). However,
keeping the microwave heating contained within the reactor system for
large-scale continuous operations has yet to be demonstrated, repre-
senting a key challenge for scale-up.

These enhancements make it possible to reoxidize the OC material
with steam instead of air, thus generating a syngas stream from the FR
and a hydrogen stream from the reoxidation reactor. This dual-product
configuration requires the additional heat input (from solar or micro-
wave sources) to close the heat balance but offers the significant
advantage of producing two valuable products. The feasibility of
continuous operation and scale-up, under cyclic solar or microwave
heating require further demonstration and quantification before these
concepts can transition from laboratory validation to commercial
deployment.

2.2.3. Chemical looping reforming

Chemical looping reforming (CLR) represents a strategic adaptation of
the chemical looping principle specifically for the production of low-
carbon syngas or high-purity hydrogen from gaseous or liquid fuels. In
CLR, the oxygen-to-fuel ratio is controlled to achieve partial oxidation,
preventing complete combustion and favoring the formation of Hy and
CO, while enough energy is released to achieve auto-thermal operation
following scheme in Fig. 9(a). Typical reactions (example for methane)
include partial oxidation, further oxidation of gaseous products and
reforming reactions with steam or COy (Herrera et al., 2026). The
operating conditions and the properties of the oxygen carrier determine
which pathway dominates, but both partial oxidation and catalytic
reforming are usually required to achieve a suitable syngas composition.

Partial oxidation : CH4 + Me,O,—CO + 2H, + Me,Oy_; (R3)



M. Greco-Coppi et al.

(a) Chemical looping steam/dry reforming (CLR)
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(b) Sorption-enhanced chemical looping reforming (SE-CLR)
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Fig. 9. Schemes of the chemical looping reforming process in two variants: (a) chemical looping steam/dry reforming, and (b) sorption-enhanced chemical loop-

ing reforming.

Full oxidation : CO/H, + Me,0,—CO,/H,0 + Me,Oy_; (R4)
Steam reforming : CH, + H,O=2CO + 3H, (R5)
Dry reforming : CH; + CO,22CO + 2H, (R6)

The operating conditions and the properties of the oxygen carrier
determine which pathway dominates, but both partial oxidation and
catalytic reforming are usually required to achieve a suitable syngas
composition. Depending on the specific process emphasis, several CLR-
related terminologies are commonly used (Abad, 2015):

e Chemical looping autothermal reforming (CLAR or a-CLR): combining
exothermic partial oxidation and endothermic steam reforming
within a loop to achieve autothermal operation by optimizing the
internal heat balance (Ortiz et al., 2011).

e Chemical looping partial oxidation (CLPO): focuses on the use of an
oxygen carrier both as oxidant and as catalyst (perovskites and Ni-
based materials are common) to produce syngas (Hy + CO) with
high heating value.

e Chemical looping steam reforming (CLSR): the need to co-feed steam in
the fuel to promote steam reforming/water—gas shift reactions, as
well as avoiding the carbon deposition (Garcia-Labiano et al., 2015).

The fuel conversion by CLR is characterized by: (i) the production of
syngas via a partial oxidation of the fuel; (ii) the potential for auto-
thermal operation, reducing external energy input, (iii) the avoidance of
a costly and complex air separation unit, and (iv) significantly lower
energy penalties for CO, capture compared to conventional reforming
processes. Syngas with variable H/CO ratio may be achieved, including
an optimal Hy/CO ratio for downstream processes like Fischer-Tropsch
synthesis. CLR can be further enhanced by incorporating CO5 sorbents
for in-situ carbon removal in the so-called sorption-enhanced chemical
looping reforming (SE-CLR, see Fig. 9b). This process combines an ox-
ygen carrier with a CO2 sorbent which shifts reforming equilibria to
higher H; yields and purities, sometimes enabling near-pure H; streams
without hydrogen purification (Masoudi Soltani et al., 2021).

Each variant of CLR requires careful balance of oxygen capacity,
oxygen mobility, sorbent reactivity (if used), and reactor heat manage-
ment. As such, CLR is a pivotal technology for decarbonizing hydrogen
production, a crucial energy vector, and for enabling the sustainable
production of synthetic fuels and chemicals.

2.2.3.1. Oxygen carriers for CLR. Oxygen carriers are central to CLR
performance. In addition to the general properties demanded for an

12

oxygen carrier, catalytic activity for hydrocarbons conversion, e.g., via
steam reforming, is required to achieve complete fuel conversion when a
partial fuel oxidation is performed. Materials range from Ni-, Fe-, and
Cu-based oxides to natural ores and perovskites.

Early oxygen carriers investigated included supported NiO, Fe;Os,
CuO and Mn-oxides (Hu et al., 2018; Luo et al., 2018b; Antzaras and
Lemonidou, 2022; Zheng et al., 2022; Ramezani et al., 2023; Herrera
et al., 2026). Also, by ~2010-2015, multifunctional catalysts (e.g.,
NiO on supports, combined with CO; sorbent particulates) had been
developed for the sorption-enhanced concept. Ni-based oxygen carriers
are often preferred due to good oxygen transport capacity and catalytic
activity, while perovskite oxygen carriers, Cu-based, and Fe-based car-
riers are also frequently evaluated for methane reforming because of
oxygen capacity and stability, avoiding or reducing the use of the
expensive and environmentally harmful nickel.

Ni-containing oxygen carriers show excellent activity for reforming
but are prone to coking and sintering. Many studies explore core-shell
structures or Ni-dilution with supports/spinel phases to stabilize Ni and
suppress carbon (Ramezani et al.,, 2023; Hu et al., 2018). CuO and
CuO-Ni mixed systems are attractive for reforming and have lower
coking than Ni alone.

Fe-based oxygen carriers (Fe20s/FeAl:0./spinel/garnet supports)
use abundant and cheap materials. Recent work optimized supports and
dopants to improve oxygen mobility and cycling stability. Engineering
of spinel/perovskite supports reduces sintering and improves cyclic
performance (Chang et al., 2023; Ramezani et al., 2023). Also, low-cost
iron oxide-rich wastes have been studied to balance cost-effectiveness
with performance. In addition, a recent study showed that an iron
oxide rich industrial waste can maintain adequate reactivity toward CHy4
in chemical looping transformations and withstand multiple redox cy-
cles, pointing to cost-effective oxygen carrier solutions for large-scale
deployment (Zheng et al., 2022).

Cu-based oxygen carriers are also good candidates for CLR. Several
supports have been tested for improving performance and avoid
agglomeration during operation at high temperature. Good results have
been obtained with CuO/Al,O3 materials during CLR operation in a
continuous unit (Cabello et al., 2022b).

Recent advances include perovskite-based carriers with tunable
redox properties and synthetic composites for improved reactivity and
attrition resistance. Perovskite structures (ABOs, e.g., BaFe; _4SnyOs_s,
LaFeOs3 variants) offer tunable oxygen vacancy concentrations, high
oxygen mobility, and intrinsic resistance to coking in many formula-
tions. Recent perovskite studies (e.g., Sn-doped BaFeO3) demonstrate
anti-coking behavior and high syngas selectivity in CLR (Zhang et al.,
2020).
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The recent material engineering trends shift toward multi-
functional/dual particles supplying properties to act as oxygen carrier,
catalytic reforming function or CO: sorbent in structured composites, to
be used in new processes such as the SE-CLR. Core-shell particles and
dopant-tailored perovskites have been developed in the last decade to
improve reactivity, mitigate coking, and enhance cycle life (Ramezani
et al., 2023; Hu et al., 2018). For example, adding ceria (CeO3) to
Ni/Cu and perovskite composites can improve oxygen availability at the
gas-solid interface and reduce coke by supplying mobile oxygen
(Ramezani et al., 2023; Chang et al., 2023).

Although important advances have been done in the development of
materials for CLR during the last 10 years, still there are some chal-
lenges, including the enhancement of the mechanical and chemical
stability of the oxygen carrier material and long term test under relevant
conditions; and development of oxygen carriers to be used with some of
the fuels contain sulfur-contaminants, which usually produces material
deactivation.

2.2.3.2. Fuels for CLR. CLR processes accommodate a wide range of
fuels. Gaseous fuels include methane, propane, natural gas, biogas, and
biomethane, while liquid fuels such as ethanol, methanol, n-butanol,
acetic acid, glycerol, vegetable oils, and pyrolysis oils have been
investigated (Luo et al., 2018b). Liquid fuel reforming introduces chal-
lenges related to carbon deposition and tar formation, requiring tailored
oxygen carrier formulations and optimization of the reactor conditions.
Methane remains the best-developed feedstock due to favorable H/C,
low tar formation, and established supply. CLR of methane has been
extensively studied in bench-scale fluidized beds and packed beds.
Similar to methane but with higher COz/impurity content, biogas is also
suitable due to the alternative chemical looping dry reforming route
(CLDR) in methane conversion (Cabello et al., 2022b; Herrera et al.,
2026). In addition, SE-CLR of methane helps achieve high Hj yield
while also enabling in-situ CO, sorption (Masoudi Soltani et al., 2021).
The CLR concept has expanded the fuel scope beyond natural gas or
biomethane/biogas to include liquid biofuels. These fuels bring vari-
ability in reforming behavior and oxygen carrier interaction, necessi-
tating tailored process designs to accommodate complex fuel
compositions (Ramezani et al., 2023). Liquid fuel reforming introduces
challenges related to carbon deposition and tar formation, requiring
optimized oxygen carrier formulations and reactor conditions.

2.2.3.3. Carbon deposition in CLR. Carbon deposition remains a critical
challenge, particularly for liquid fuels and operation in packed beds.
Hydrocarbon cracking and Boudouard reactions on metal surfaces lead
to filamentous and encapsulating carbon (Zhang et al., 2020). Carbon
deposition mechanisms include fuel decomposition and Boudouard re-
actions under low oxygen-availability. The presence of catalytic metals
(Ni, Fe) in CLR can accelerate carbon formation if not properly dis-
persed/oxidized (Nikoo and Amin, 2011).

Mitigation strategies include optimizing steam-to-carbon ratios (e.g.,
Herrera et al., 2026), incorporating catalytic additives, and designing
oxygen carriers with surface properties that inhibit coke formation.
Anti-coking oxygen carrier formulations includes the synthesis of pe-
rovskites (e.g., Sn-doped BaFeOs) and oxygen-rich carriers with high
oxygen mobility to oxidize nascent carbon in situ (Zhang et al., 2020).
Zhang et al. (2020) demonstrated Sn-doped BaFe perovskites with
significantly reduced coke formation in methane CLPO. Adding second
metals (Co, Cu, Sn) can change electronic/structural properties and
suppress carbon nucleation (Donat et al., 2022). Also, encapsulating or
diluting Ni within a spinel or non-reducible matrix reduces active Ni
ensembles that nucleate carbon. Thus, Ni-diluted, Mg-stabilized spinels
improved coke resistance (Zhang et al., 2020). The synthesis of core—-
shell Ni@oxide materials is a valid strategy to reduce the carbon
formation.

In addition, sorption-enhanced processes ensure reacting conditions
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to avoid coke build-up. The use of SE-CLR, by removing CO, and shifting
reforming equilibrium, reduces the potential for carbon deposition
(Antzara et al., 2016; Zhong et al., 2024) and at the same time improves
hydrogen yield (las Obras Loscertales et al., 2025a).

2.3. Indirect gasification

Indirect gasification, also known as dual fluidized bed gasification
(DFBG), represents a promising route to produce nitrogen-free, high-
calorific-value syngas without the need for pure oxygen feed, thereby
eliminating the requirement for energy-intensive and costly air separa-
tion units. Unlike other thermochemical looping technologies, DFBG
employs an inert bed material that does not participate significantly in
the chemical reactions. Nevertheless, the bed material can be strategi-
cally selected or modified to enhance process performance by providing
catalytically active sites (Hanchate et al., 2021). Fig. 10 shows a scheme
of the indirect gasification process. This process operates through two
interconnected fluidized bed reactors: a gasification reactor (GR), where
solid feedstock is converted to syngas using steam as the fluidizing
agent, and a combustion reactor (CR), where residual char from the GR
is combusted to heat the circulating bed material. The endothermic
gasification reactions are sustained by the sensible heat carried by the
looping bed material from the CR to the GR, creating an autothermal
system without direct contact between combustion gases and product
syngas. This configuration ensures high syngas quality with minimal
nitrogen dilution.

DFBG is a mature and commercially proven technology, with thou-
sands of operating hours documented in industrial-scale facilities uti-
lizing silica sand and olivine as primary bed materials, often
supplemented with catalytic additives such as potassium and calcium
compounds to enhance tar cracking and optimize syngas composition
(Larsson et al., 2021). Consequently, current research efforts have
shifted from fundamental process investigation toward targeted opti-
mization and performance enhancement strategies aimed at improving
economic viability and overall process efficiency.

A major research focus has been the improvement of gasification
performance through enhanced solid-gas contact achieved via novel
reactor geometries. Notable work at TU Vienna has explored advanced
reactor designs (Benedikt et al., 2017; Schmid et al., 2021a) supported
by comprehensive computational modeling efforts to optimize process
and process chain integration (Wojnicka et al., 2021; Bartik et al., 2024).
In parallel, Mauerhofer et al. (2021) demonstrated the technical feasi-
bility of utilizing CO as an alternative gasification agent in DFBG sys-
tems, opening pathways for carbon capture and utilization integration.

Process control and monitoring represent another critical avenue for
improvement. Advanced process control systems have been developed
and implemented in both commercial-scale installations (Nigitz et al.,
2020) and pilot-scale facilities, with model predictive control (MPC)
strategies showing particular promise for optimizing dynamic operation
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Fig. 10. Scheme of the indirect gasification process.
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(Stanger et al., 2023a; Stanger et al., 2024b). Addressing tar formation
and accumulation is a persistent challenge across all biomass gasifica-
tion technologies. Ongoing research has focused on developing online
monitoring techniques and predictive models that leverage readily
available operational data from commercial plants (Benedikt et al.,
2019).

Emerging reactor design concepts are pushing the boundaries of

International Journal of Greenhouse Gas Control 155 (2026) 104718

conventional DFBG configurations. Single-vessel unified designs that
integrate both gasification and combustion zones within a single reactor
vessel have been investigated, although operational data remain limited
compared to established dual-reactor configurations (Di Carlo et al.,
2022). Solar-assisted gasification has emerged as a theoretical strategy
to increase carbon transfer efficiency from feedstock to syngas by
replacing combustion-derived heat with concentrated solar energy.

Table 1
Selected pilot plants for testing high-temperature solid looping (HTSL) processes.
No.  Location/owner Scale Reactor type Specific features Application First References
(kW) operation
1 Tsinghua, CHEERS 5000 CFB-CFB Carbon stripper CLC, CLG 2024 Li et al. (2025b), Li et al. (2026)
2 La Pereda 1700 CFB-CFB Cone valves CaL 2012 Arias et al. (2013), Arias et al. (2018)
3 Chalmers 1400 CFB-BFB Semi-commercial CFB boiler DFBG, CLC 2009 Berdugo Vilches et al. (2017),
Thunman and Seemann (2010)
4 TU Darmstadt 1000 CFB-CFB J-valve CaL, CLC, 2010 Haaf et al. (2020b), Ohlemiiller et al.
CLG (2017), Marx et al. (2023a)
5 ArcelorMittal, Aviles/ 1000 PB BFG, in steel plant SER-CaL 2024 Fernandez et al. (2025)
CSIC
6 BEST, Vienna 1000 CFB-CFB Internals DFBG 2024 Kadlez et al. (2025)
7 Buzzi, Vernasca 4 Nm®/ EF-EF Integrated in cement plant CaL 2021 Fantini et al. (2021)
h;‘r
8 TU Darmstadt 300 CFB-BFB Heat pipe heat exchanger IHCaL 2014 Junk et al. (2016b), Hofmann et al.
(2024b)
9 Ohio State Univ., 250 CFB-MB - CLC 2019 Zhang et al. (2021)
Babcock & Wilcox
10 IFK Stuttgart 200 CFB-BFB; CFB- - Cal, SEG- 2010 Hafner et al. (2021); Hornberger et al.
CFB CaL (2020)
11 SINTEF 150 CFB-CFB Lifter CLC 2011 Bischi et al. (2011), Langgrgen et al.
(2023)
12 TU Wien 120 CFB-CFB Bottom loop seal CLC 2010 Pachler et al. (2020)
13 Chalmers 100 CFB-CFB Circulation riser CLC 2012 Linderholm et al. (2017)
14 TU Wien 80 CFB-CFB Internals CLC, SEG- 2010 Benedikt et al. (2018)
CaL
15 VTT 60 CFB-CFB - CLC 2016 Gogolev et al. (2021a), Gogolev et al.
(2021b)
16 CSIC 50 CFB-CFB Carbon stripper CLC, CLG 2014 Abad et al. (2024)
17 NETL 50 CFB-BFB - CLC 2016 Siriwardane et al. (2021)
18 CNRS 50 BFB Solar driven calciner CalL 20197 Esence et al. (2020a)
19 CSIC 30 BFB - SEG-CaL 2017 Martinez et al. (2020)
20 Tsinghua 30 CFB-BFB - CLC 2018 Chen et al. (2020), Liu et al. (2021b)
21 Hamburg 25 CFB-BFB Dual-stage BFB CLC 2012 Haus et al. (2020), Lindmiiller et al.
(2023)
22 Nanjing 20 CFB-BFB - CLC 2016 Wang et al. (2020)
23 Chalmers 10 CFB-BFB - CLC 2008 Mei et al. (2021)
24 IFPEN 10 BFB-BFB - CLC 2010 Vin et al. (2022)
25 Nanjing BFB-BFB Multi-stage fuel reactor CLC 2009 Shen et al. (2020)
26 SINTEF 1-2.1 ICR - CLC 2016 Osman et al. (2020)
27 CSIC BFB-BFB For gaseous fuels CLC, CLR 2009 Adanez et al. (2009)
28 CSIC 1 BFB-BFB For liquid fuels CLC, CLR 2015 Garcia-Labiano et al. (2015),
Adanez-Rubio et al. (2021)
29 CSIC 1 BFB-BFB For solid fuels CLC, CLG 2011 Cuadrat et al. (2011)
30 CSIC 1 BFB-BFB Semicontinuous FB, CLR 2009 Ortiz et al. (2010)
pressurized
31 Chalmers 0.3 CFB-BFB - CLC 2006 Hedayati et al. (2021), Li et al. (2024b),
Lyngfelt et al. (2022a)
32 Eindhoven 0.6 BFB-BFB Membrane-assisted CLR. CLR 2018 Medrano et al. (2018)
Continuous circulation
33 Eindhoven N/A BFB Membrane-assisted CLR. CLR 2018 Wassie et al. (2018)
Gas switched
34 Univ British Columbia N/A FBMR Membrane-assisted FB CLR 2011 Andrés et al. (2011)
35 Eindhoven 2 PB CLR 2017 Spallina et al. (2017)
36 Manchester Lab scale PB CLR 2022 Alexandros Argyris et al. (2022)
37 Ghent N/A 2 parallel fixed. Super-dry CLR pilot (LCT) CLR In Moonshot Flanders (2026)
bed reactors construction

*No data in terms of heating power available.
fEstimated.

Abbreviations. BEST: Bioenergy and Sustainable Technologies GmbH; BFB: Bubbling fluidized bed; CFB: Circulating fluidized bed; CNRS: National Center for Scientific
Research, France; CSIC: Consejo Superior de Investigaciones Cientificas, Spain; Chalmers: Chalmers University of Technology, Sweden; Eindhoven: Eindhoven Uni-
versity of Technology, Netherlands; FBMR: Fluidized-bed membrane reformer; Ghent: Ghent University, Belgium; Hamburg: Hamburg University of Technology,
Germany; IFPEN: French Institute of Petroleum — New Energies, France; Manchester, The University of Manchester; Nanjing: Southeast University, China; NETL:
National Energy Technology Laboratory, USA; PB: Packed-bed; SINTEF: The Foundation for Scientific and Industrial Research at the Norwegian Institute of Tech-
nology, Norway; Tsinghua: Tsinghua University, China; TU Darmstadt: Technical University of Darmstadt, Germany; TU Wien: Vienna University of Technology,

Austria; VTT: VTT Technical Research Centre of Finland, Finland.
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Recent advances have modeled the delivery of high-temperature sensi-
ble heat to fluidized bed gasifiers, enabling continuous operation despite
solar intermittency through thermal buffering (Suarez-Almeida et al.,
2021; Gomez-Barea et al., 2021; Sudrez-Almeida et al., 2023) or by
replacing the combustor entirely by solar power input (Yakan a Nwai
and Patel, 2023). However, experimental validation of these concepts
is still missing.

3. Pilot studies
3.1. Existing pilot plants

A large number of HTSL pilot plants with different reactor concepts
and varying scale up to 5 MWy, have been operated within the last 10
years. The thermal power refers to the fuel input (mass flow times lower
calorific value) either into the plant itself or, in the case of post-
combustion capture, into a potential upstream plant. Table 1 summa-
rizes the main features of the pilot plants that have been operated under
industrially relevant conditions. Here, it should be noted that DFBG has
already been operated in commercial plants, which are not included in
the table. The type of HTSL process that is tested in each pilot plant will
be discussed in the following sections. Some pilot plants can be used for
various processes. The different reactors concepts are briefly described
below, while referring to the plant numbers defined in Table 1 in
brackets.

Most pilot plants utilize a continuous transfer of solids between
coupled fluidized bed reactors, which are operated in varying fluidiza-
tion regimes, i.e., bubbling, turbulent, or fast fluidization. For simplicity,
we only differentiate between bubbling fluidized beds (BFB) with only
little entrainment of particles and circulating fluidized beds (CFB) with
high entrainment of particles. Mostly, at least one reactor is operated as
a CFB reactor, enabling entrainment of particles in the riser to the top of
the reactor and, after separation in a cyclone, the transfer of these par-
ticles by gravity to the second reactor. In some cases, the bottom of the
riser is widened to increase the residence time of solids in a bubbling bed
regime (13). In other cases, part of the solids separated in the cyclone are
fed back to the bottom of the riser to decouple the transfer of solids
between the reactors from particle entrainment (2, 4). Here, the control
of the solids flow from one reactor to the other can be realized by various
means, e.g., double loop seal (16), L-valve (1), J-valve (4), cone valve
(2), screw conveyor. The second reactor can be operated as a BFB or a
CFB. In the first case, the transfer of solids back to the first reactor is
mostly realized by the overflow of particles over a weir, which enables
an easy control of the solid circulation through a constant bed height in
the second reactor. This approach is sometimes also used for CFB re-
actors where entrained particles are circulated back to the riser (13),
although there exists no distinct bed height in this fluidization regime.
An alternative is the coupling via a bottom loop seal where the transfer
of solids is controlled by the pressure difference between the two re-
actors (12, 14). Some plants use specific equipment to control or
enhance the solids circulation, such as a circulation riser (13) or a bot-
tom lifter (11). Another option for the second reactor is to use the same
principle as in the first reactor, i.e., entrainment in a CFB and transfer by
gravity (4, 16). This allows more flexibility regarding the solids in-
ventory in the two reactors, however, at cost of a more difficult control.
Mostly, loop seals are used to prevent gas leakages between the reactors.
One plant (26) is operated as an Internally Circulating Reactor (ICR). In
general, it can be observed that large-scale pilot plants tend to use two
coupled CFB reactors, since these are easily scalable and have a low
footprint.

Some fluidized bed reactors systems have distinctive features to
fulfill specific requirements of a certain process. In chemical looping
processes with solid fuels, a carbon stripper separates char from the
solids leaving the fuel reactor and transfers the former back to the fuel
reactor (1, 13, 16). The separation is mostly achieved by the difference
in terminal velocity between char and oxygen carrier particles. Staged
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reactor systems (21, 25) or internals for narrowing the reactor at certain
locations (6, 12) are used to increase the gas-solid contact and thereby
improve gas conversion. An indirectly heated calciner utilizes heat pipes
immersed in a BFB to enable high heat transfer rates (8). Here, the BFB is
divided into two sections to enable a plug-flow-like behavior.

Only few pilot plants make use of other types of reactors than flu-
idized beds. One chemical looping concept with continuous transfer of
solids utilizes the combination of a CFB reactor with a moving bed (MB)
reactor (9). The moving bed enables a plug-flow behavior with counter-
current gas-solid flow and a long solids residence time to maximize fuel
conversion. This concept requires measures to control the height of the
moving bed. Other chemical looping plants employ rotating fixed beds
(FB) to enable continuous operation of a chemical looping process. Here,
measures are required to minimize gas leakage. A carbonate looping
plant for integrated CO, capture from cement production applies two
coupled entrained flow reactors, thus enabling the use of cement raw
meal, which has a rather fine particle size, as the sorbent (7). As an
alternative to continuously operating reactor systems, batchwise oper-
ation in fixed bed (FB) reactors can be utilized to realize the HTSL
processes. This concept allows operation at varying pressures, such as in
pressure swing absorption (5).

3.2. Carbonate looping pilot testing

3.2.1. Oxy-fired carbonate looping

Several large pilot facilities have been built to demonstrate oxy-fired
carbonate looping. In this subsection, the main activities carried out in
these pilots are organized according to the sector of application. A recent
review on oxy-fired and indirectly heated carbonate looping facilities
has been published by Tan et al. (2024). In the beginning, research on
CaL focused on carbon capture for gases related to power generation,
validating the technology through many hours of pilot testing at the MW
scale (Hilz et al., 2017; Strohle et al., 2014a; Arias et al., 2013). In the
recent years, CaL research has shifted toward industrial applications.
These include mainly cement, lime, and waste incineration. Further-
more, many studies of the last years introduced novel CaL configurations
that enable higher flexibility and capture rates.

One important aspect of capturing CO5 from power plants is the
flexibility of CaL systems to adapt to flue-gas load changes. Experi-
mental campaigns at the La Pereda pilot plant (see Table 1, no. 2, and
Fig. 11) have demonstrated that CaL systems with circulating fluidized
bed reactors are highly flexible, handling up to a 50% reduction in
flue-gas load (with gas-velocity variations between 2.0 and 5.3 m/s)
through the entrainment of solids from the carbonator driven by the
solids circulation between reactors (Diego and Arias, 2020). Staging the
flue gas entering the carbonator has also been shown to help maintain
high capture efficiencies by stabilizing the solids inventory at the reactor
bottom during flue-gas load increases (Diego and Arias, 2020).
Regarding CalL flexibility, a flexible Cal. concept based on a bub-
bling-bed carbonator with a bottom interlink to a CFB oxy-calci-
ner—allowing the decoupling of both reactors—has been successfully
demonstrated with high COy capture efficiency. Carbonator perfor-
mance has been assessed at partial loads as low as 40%, achieving
equilibrium-normalized capture efficiencies of up to 90% in the
200-kWy, Stuttgart pilot plant (Moreno et al., 2021b).

Regarding carbonator performance, an alternative strategy to ach-
ieve very high CO; capture efficiencies in a CFB carbonator has been
demonstrated at the La Pereda pilot plant. This approach consists of
cooling the upper part of the reactor to create a low-temperature zone
while ensuring that sufficient active sorbent is available. Tests were
carried out with the calciner operating under typical oxy-fuel conditions
and firing biomass at a rate of 2.0 MWtn, together with high limestone
make-up flows. The results confirm that CO, capture efficiencies above
0.99 can be achieved by maintaining a sufficiently low temperature at
the carbonator outlet (<550 °C) and ensuring an adequate amount of
sorbent in the cooled zone (Arias et al., 2024).
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Fig. 11. Photograph of the 1.7-MWy, La Pereda pilot plant connected to an
existing 50 MW, power plant. Adapted from Diego et al. (2016a)
with permission.

Regarding the calciner, one approach to minimizing its heat demand
is to reduce the recycle of CO,. This recycle is typically used in
oxy-combustion systems to dilute the oxygen stream before it enters the
combustion chamber, thereby controlling temperature and heat trans-
fer. Operating under higher oxygen concentrations may be feasible in
the oxy-fired calciner of a CaL system by taking advantage of the ther-
mal-ballast effect of the cooler solids entering from the carbonator and
the endothermic nature of the CaCO3 decomposition reaction. At the
1.7-MWy, Pereda pilot plant, tests were conducted with a coal thermal
input to the calciner of up to 2.0 MW:n and oxygen concentrations in the
oxidant reaching 75 vol%, confirming the possibility of operating the
oxy-fired CFB calciner without hot spots, provided that sufficient solids
circulation and bed inventory were maintained (Arias et al., 2018).

The experimental testing of Cal applied to WtE plants has been
carried out in the 1 MW:n Darmstadt pilot plant. During these tests,
waste-derived fuels in the form of raw fluff were fired in the calciner,
and the CO, concentration in the flue gas to be decarbonized was
maintained at approximately 9.5 vol%, a typical value for WtE plants.
Under these conditions, carbonator CO, absorption rates of 80-85% and
overall CO, capture efficiencies above 90% were achieved under
representative CaL process conditions. Fuel quality was found to have a
significant influence on the operability of the interconnected CFB sys-
tem. Operation with SRF containing coarse ash fractions led to ash
accumulation in the solid phase, which negatively affected system hy-
drodynamics (Haaf et al., 2020Db). In this regard, ash accumulation in the
solids inventory has been shown to decrease when coals with smaller
particle sizes are used (Hilz et al., 2018). During the SRF tests, chlorine
retention exceeded 82% across the experimental points. It was also
observed that calciner operating temperatures above 860 °C are desir-
able to maximize chlorine retention (Haaf et al., 2020d).

The oxyfuel combustion of hard coal, wheat straw, and pelletized
SRF was also assessed in the calciner of the 200-kWtnh CaL pilot plant in
Stuttgart to study their impact on NOy and acidic species (SO2, HCI), as
well as reactor profiles. Fuel blending had little effect on pollutant for-
mation, while biomass substitution altered emissions due to changes in
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nitrogen and chlorine content. HCl emissions were reduced by Ca-
species, achieving chlorine retention above 0.90 mol/mol. High NOy
emissions, however, were measured during oxyfuel calcination tests
compared with standard oxyfuel combustion (Moreno et al., 2021a).

Regarding cement applications, the tail-end configuration has been
tested in the 200-kWy, Stuttgart pilot plant. Different integration levels
were assessed with make-up ratios up to 0.9 mol/mol and CO: flue-gas
concentrations up to 35 vol%. Capture rates close to the equilibrium
limit were achieved during these tests thanks to the high CO, carrying
capacity of CaO (ranging from 0.20 to 0.37 mol CO,/mol Ca). Tests with
low integration levels led to high CO, carbonator loads while sorbent
activity declined toward its residual level, thus requiring an increase in
the sorbent circulation rate between reactors (Hornberger et al., 2020).
Moreover, uniform temperature profiles without major hotspots were
obtained under operating conditions with recirculation rates as low as
20% and oxygen inlet concentrations up to 56 vol% (Hornberger et al.,
2021).

For the integrated configuration in cement applications, a pilot plant
connected to a cement facility and based on entrained-flow reactors has
been built (Fantini et al., 2021). The calciner is supplied with the same
type of raw meal used in the kiln for clinker production, while the car-
bonator processes the effluents generated by the cement plant. The CaL
calciner operates in a recirculated oxy-fuel combustion mode, in which
heavy fuel oil is burned with oxygen. More than 200 hours of operation
with calcined raw-meal feeding have been achieved. Among the issues
encountered during pilot plant operation, the most frequent were
related to the strong interconnection of the system and the clogging of
discharge pipes due to their small diameter, which could be overcome
through scale-up of the plant (Magli et al., 2023).

3.2.2. Indirectly heated carbonate looping

The indirectly heated carbonate looping (IHCaL) using a heat pipes heat
exchanger is the most advanced IHCaL configuration, since it is the only
one that has been validated in pilot scale (Tan et al., 2024), as explained
in Section 2.1.2.

The only existing IHCaL plant is located at the Technical University
of Darmstadt (TU Darmstadt) in Germany (Reitz et al., 2014), which is
illustrated in Fig. 12. This plant was constructed based on the cold-flow
tests and design of Junk et al. (2013), and it was commissioned in 2015
(Reitz et al., 2016). It consists of three reactors: (i) an eight-meter CFB
carbonator (ID = 250 mm) to capture CO, from synthetic flue gas and
combustion gases (from the combustor); (ii) an indirectly heated
calciner, operating at ca. 900°C, for sorbent regeneration; and (iii) a
combustor, in which fuel is burnt to obtain the heat for the calcination.
Both the calciner and the combustor are operated as bubbling fluidized
beds and are thermally connected via a heat pipe heat exchanger
featuring 72 sodium heat pipes (schematically on Fig. 12, left). The
solids circulation is controlled using a cone valve downstream of the
carbonator (Fig. 12, right, component no. 5). Here, a sample port is
located, which enables discontinuous sampling of solid sorbent leaving
the carbonator. More constructive details, as well as operating param-
eters of this pilot plant, are available in previous publications of the
research group (Reitz et al., 2016; Reitz et al., 2014; Hofmann et al.,
2022; Reitz, 2017).

Hoftberger and Karl (2013) investigated the fluidization of the
indirectly heated calciner in a 18-kW bubbling fluidized, using electri-
cally heated heat pipes. They found that the CO; release from calcina-
tion suffices to fluidize the bed and establish the bubbling fluidization
regime without the need of external fluidization gas. However, this
could not be replicated in the 300-kWy, pilot tests at TU Darmstadt,
probably due to the fact that the carbonation degree of the sorbent
entering the calciner is generally very low (under 10%).

Starting in 2015, IHCaL pilot tests were performed at the 300-kWy
plant at TU Darmstadt to demonstrate the operability of this process for
power generation plants (Reitz et al., 2016). A total of 500 hours of
operation were achieved, including 340 hours of steady-state COs



M. Greco-Coppi et al.

Bag filter ID fan

Cooling air intake I Flue gas header <

Ilg N
A

Y

N
A

A

Gas analysis [

©

N
Gas analyses
Tt
=3
=
=
=3
S
-
S 900 °C| {1000 °C
650 °C Lances
i P
Cooling Calciner Combustorm)
lances
5 L
oop [,
Electric@ seal [ .
preheating | Electn;al
-+ - - preheating

Technical gases

Primary air fan

To stack

International Journal of Greenhouse Gas Control 155 (2026) 104718

(1) Carbonator
(2) Calciner
(3) Combustor
(4) Cyclone
(5) Cone valve

(6) Loop seal

Fig. 12. Indirectly heated carbonate looping (IHCaL) 300-kWy, pilot plant at the Technical University of Darmstadt. On the left, the process flow diagram (PFD),
adapted from Greco-Coppi et al. (2024d), shows the main components and their interconnections. The three reactors, the carbonator, the calciner, and the combustor,
are highlighted with a gray shading. The light-gray broken lines represent the new flue-gas tract that was commissioned in 2022. The sub-figure on the right is the
CAD render of the reactors and main solid circulation path, adapted from Reitz et al. (2016). The heat pipe heat exchanger is insider the calciner (2) and the
combustor (3), connecting them horizontally. This figure was reproduced from Greco Coppi (2025), licensed under CC BY 4.0.

capture at different operating parameters. CO, capture efficiencies of
over 90% were achieved in relevant operating conditions, thus vali-
dating the concept.

With the shift toward hard-to-abate industries that took place in the
last ten years, the IHCaL process has been considered as a promising
candidate for the lime and cement industry due to the potential syn-
ergies in energy and spent-sorbent integration (see Section 2.1.2). To
test the IHCaL for relevant conditions for cement and lime plants, the
300-kWy, plant was expanded (Hofmann et al., 2024a, 2024b). The
upgrades included a new flue gas tract to circulate the exhaust gases
from the combustor into the carbonator (illustrated with broken lines in
Fig. 12, left), and a solids fuel feeding system capable of handling coal
and pelletized refuse-derived fuel (RDF). The upgraded pilot facility was
operated for over 200 hours, including high CO5 concentrations at the
carbonator inlet of up to 18 vol%gp, corresponding to operating condi-
tions relevant to lime plants. Coal and RDF were successfully co-fired
with propane. However, challenges to achieve complete combustion
were reported.

Until now, all the IHCaL pilot tests have used air to fluidize the
calciner. However, in real operating conditions, steam, recirculated COq,
or a combination of both would be required to ensure a high-purity CO5
stream after the calciner. This would probably require higher tempera-
tures in the calciner, in the order of 900°C (Greco-Coppi et al., 2025b).
Furthermore, challenges related with the operation of the IHCaL plant
have been reported, which should be addressed before this technology
can be safely upscaled. These include, enhancing the combustion effi-
ciency in the external combustor and improving the flue gas circulation
into the combustor (Hofmann et al., 2024b), as well as optimizing the
entrainment and make-up rates (Greco-Coppi et al., 2025a).

3.2.3. Solar heating and new reaction pathways

Within this section, the review focuses on existing plants on solar-
driven CaCOs calcination. The calcination of CaCOs is the most chal-
lenging step of the solar-driven carbonate looping technology, as
explained by Khan et al. (2024).

Fluidized bed reactors have been proposed as particle receivers
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(Tregambi et al., 2021b), and limestone calcination was successfully
achieved in a four-stage horizontal fluidized bed, irradiated on a front
metallic wall (1 m long and 0.4 m high) operating with an average of 55
kW, situated inside the 1 MW solar furnace at Centre National de la
Recherche Scientifique (CNRS) (Esence et al., 2020b). Up to 20 kg/h of
commercial calcium carbonate achieved 95% calcination efficiency.

Alternative reactor designs include the use of rotary kilns (Moumin
et al., 2019; Tescari et al., 2020). These reactors were operated at the
scale of 14 kW and material flows between 4 and 12 kg/h with calci-
nation degrees between 24 and 99% were obtained. The efficiencies
(thermal plus chemical) ranged between 19 and 40%.

3.2.4. Sorption-enhanced carbonate looping

Several pilot plants have been reported in the literature to progress
on the demonstration of the SER and SEG technology. This Section fo-
cuses on reported experimental results from the recent 5-7 years and
their contribution to technology development.

One of the main advantages of the SER based on packed-bed reactors
is the rapid scaling-up of the technology, as this has been the case for the
1-MWy, plant constructed in the ArcelorMittal GasLab installations in
Avilés (Spain), illustrated in Fig. 13. This pilot plant, that entered in
operation in the first half of 2024, served to prove the CASOH process at
TRL 7 to produce an Hy/N; gas stream, and decarbonize, real BFG from
ArcelorMittal site (Fernandez et al., 2025). One of the reasons of the
rapid scale-up of the technology was the use of commercial functional
materials (Cu-based solid, and limestone as sorbent precursor) available
at the 100-kg scale, whose suitability was previously validated through
intense testing at lower TRL (Abbas et al., 2022; Grasa et al., 2023). The
pilot plant, that accumulates more than 500 h of operation experience,
has been designed to handle a flow of BFG equivalent to approximately
1MW4,, divided into 300 Nm®/h of upgraded BFG and about 0.7 MWy, of
sensible heat produced at high temperature. During the CASOH stage,
the BFG was almost entirely decarbonized and converted into a product
gas containing up to 40% vol. Hy in Ny, with over 95% CO; captured in
this stage. Experimental results in terms of Hj yield, CO, capture, BFG
conversion and even temperature profiles evolution closely matched the
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Compressor
and fan cabinet

Fig. 13. Photograph of the CASOH pilot plant at ArcelorMittal Gas Lab. This
plant uses sorption-enhanced water gas shift (SEWGS) to produce H, and
decarbonize blast furnace gas (BFG) for the production of steel. Reproduced
from Fernandez et al. (2025), licensed under CC BY 4.0.

results obtained at lower TRL. Moreover, the TRL 7 pilot operated suc-
cessfully under dynamic conditions, demonstrating its robustness and
adaptability. Future tests in this pilot aim to assess the process’s
long-term viability paving the way for further scale-up of the
technology.

SER pilot plants based on interconnected fluidized bed reactors have
been reported in the literature (see, e.g., Hynor or HyPer project).
However, no results from their operation have been published to date.

With respect to biomass SEG, DFB steam gasification has been
studied in Vienna (100 kW) during the last decade and their more
advanced design—adequate to operate with waste fuels—entered into
operation in 2014 (Miiller et al., 2017). Benedikt et al. (2018) describe
the modifications implemented in the upper gasification reactor that
was designed as a countercurrent column with hot bed material flowing
down and product gas streaming upwards. Results obtained from the
gasification of diverse residual fuels indicated that all studied biomasses
presented a very similar behavior in terms of gas yield and composition,
producing a gas with 11.0-12.5 MJ/Nm? db, and the lowest total and
gravimetric tar content (around 1 g/m® STP, d.b.). Waste-derived fuels
produced a syngas with higher lower heating value (14-16 MJ/Nm? d.
b.), but also with a higher gravimetric tar content 15-20 g/m> STP, d.b.
gravimetric tar. Overall, cold gas efficiencies ranging from 67% to 74%
were reported in these experiments. With the objective of demonstrating
the advanced DFB steam gasification close to industrial level, the lessons
learned at the 100-kW-scale unit have been incorporated during the
design, construction, and commissioning of a 1-MWy, (fuel power input)
plant at the Syngas Platform Vienna. This installation incorporates a
countercurrent column in the upper part of the gasifier, and it has been
designed to operate under SEG conditions but also for indirect gasifi-
cation. It was operated at full load with high-grade wood chips and
olivine as bed material, proving the successful operation of the pilot
under indirect heating steam gasification. Future tests are expected
under SEG conditions (Kadlez et al., 2025).

The 200-kWy, plant at IFK Stuttgart served to prove the flexibility of
the sorption-enhanced gasification (SEG) in DFB systems (Hafner et al.,
2021). The plant configuration allows controlling the mass flow of solids
between gasifier and combustor thanks to the rotation speed from a
screw feeder and the pressure difference between reactors. Moreover,
the continuous feeding of limestone to the calciner allows operating the
system with a sorbent with sufficient CO, carrying capacity that permits
the modulation of CO; capture as a function of operating parameters. In
this way, for a fixed amount of sorbent feed to the system (0.17 mol CaO
per mol of C in the biomass), the effect of temperature, S/C ratio and
weight hour space velocity (WHSV) on gas yield and composition—in
terms of permanent gases—, production of lower HC, and tar forma-
tion was evaluated. The results indicate that gasification temperature is
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the variable with the highest impact in product gas composition as ratios
Hy/CO between 8 and 1 were obtained at gasification temperatures
between 650 and 775 °C. High gasification temperatures led to high gas
yield and lower tar content (as low as 1 g/m3 d.b., STP for gravimetric
tar at 771 °C), but it was disadvantageous regarding Hs content in the
gas. The higher S/C ratio during gasification also improved the Hy
content in the gas and decreased the CO, CO3, CHy, and light hydro-
carbons and gravimetric tars. With respect to the WHSV (related with
the solid circulation between reactors), a lower WHSV (higher circula-
tion rate) was beneficial to improve Hy, and reduce CHy4 and light HC in
line with results obtained at lower scale pilot plants (Hafner et al.,
2021). In this plant, the feasibility of the Oxy-SEG configuration was
proved and an 80% vol. CO5 gas was obtained at calciner exit operating
in oxy-combustion mode without altering the gasifier operation. This
indicates that, although sorbent deactivation is increased at severe
calcination conditions, stable Oxy-SEG operation was possible con-
firming the production of identical syngas as those derived from SEG
(Parvez et al., 2021).

3.3. Chemical looping pilot testing

Chemical looping technologies have been demonstrated using three
reactor groups, namely:

1. Interconnected Circulating Fluidized Bed (CFB): continuous solids
circulation between air and fuel reactors. This option is widely used
in chemical looping lab pilots, with high confidence in the scale-up
due to good solids mixing and heat transfer. For its industrial
deployment, attrition-resistant oxygen carriers are required. In
general, from the experience on chemical looping units and catalyst
performance in the Fluid Catalytic Cracking (FCC) process, limits for
crushing strength values higher than 1 N and standardized Air Jet
Index (AJI) for attrition (Cabello et al., 2016).

2. Moving Bed: characterized by a continuous flow of solids and gas but
avoiding the fluidization of the oxygen carrier particles. It is char-
acterized by a good solids-gas contact with simpler hydrodynamics
than CFB, but some limitation may be found in heat transfer during
its scale-up.

3. Fixed/Alternating Beds: this is a preferred option at small scale or
demonstration reactors alternately regenerated, being useful for
proof-of-concept stages. This configuration can be scale-up at pres-
surized conditions, but it may require several reactors operating in
coordinated stages with a complex system of high-temperature
valves.

The experience and scope of each one of these options differ
depending on the process to be developed, namely CLC, CLG or CLR.
This is discussed in the following subsections within Section 3.3.

3.3.1. Chemical looping combustion

Since the landmark 10-kWy, gaseous-fuel chemical looping com-
bustion (CLC) pilot operation in 2004 (Lyngfelt et al., 2005), and the
first demonstration of solid-fuel CLC in 2008 (Berguerand and Lyngfelt,
2008), CLC has evolved rapidly from proof-of-concept demonstrations
toward more application-oriented pilot studies emphasizing compre-
hensive system performance, i.e., combustion efficiency, carbon capture
efficiency, process stability, fuel flexibility, cost reduction, and
negative-emission potential. The development of pilot-scale CLC oper-
ations has been extensively reviewed in several papers (Addnez et al.,
2018; Mattisson et al., 2018; Lyngfelt et al., 2019; Lyngfelt, 2020;
Zhao et al., 2020; Qasim et al., 2021; Daneshmand-Jahromi et al., 2023).
Building upon these works, Table 2 below provides a comprehensive
overview of recent pilot advancements over the past 5 to 10 years. By
comparing earlier reviews with current progress, several evolving trends
could be identified, particularly regarding scaling-up efforts, reactor
configurations (discussed in Section 2.2.1.1), oxygen carrier selection
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Table 2
Recent advances on pilot studies of chemical looping combustion (CLC).
No. Location/ Scale Oxygen carrier Fuel Operation Reactor Fuel/Gas Carbon References
owner &Wwm) w/fuel (h) type conversion Capture
1 Tsinghua 5000 Ilmenite Lignite 20 CFB/BFB Up to 97.6% >97% Li et al. (2025b)
3 Chalmers 1400 Ilmenite; Mn ore Wood pellets 1000 BFB-CFB 60% (830°C) N/A Berdugo Vilches et al.
(2017)
4 TU 1000 Ilmenite; Ca-Mn-based Hard coal; 153 CFB-CFB Up to 75% 43-55% Ohlemiiller et al.
Darmstadt natural gas (2019), Ohlemiiller
et al. (2017),
Ohlemiiller et al.
(2016)
9 Ohio State 250 Fe,03/Ceramic Coal 288 Moving 96% >98% with Zhang et al. (2021)
Univ., bed-EF >97% CO4
Babcock & purity
Wilcox

11 SINTEF 150 Ilmenite; mixture of Ilmenite/ ~ Woody biomass; 67 CFB-CFB 80-81% 97.5—-98% Langgrgen et al.

Mn oxide SRF; petcoke; (SRF); (SRF); (2025), Langgrgen
waste-derived 76.5—79.5% 93.5-95% et al. (2023), Mohn
fuel (Biomass) (Biomass) et al. (2025)

12 TU Wien 120 CaMnyg 775Tip.125Mg0.103—s; Natural gas 9 CFB-CFB 88-94% N/A Pachler et al. (2020)
CuO/Al,03

13 Chalmers 100 Mixture of Mn ore and Bituminous 34 CFB-BFB Up to 91.5% Up to 100% .

. . . Linderholm et al.

ilmenite; Mn ores; synthetic coals; black

CaMnOs_;; Ilmenite pellets; straw (2017), Linderholm
pellets; wood et al. (2016), Gogolev
char et al. (2019)

14 TU Wien 80 Ilmenite; Mn ores; mixture of Wood; bark 39 CFB-CFB 89% >98% FleiB et al. (2024),
ilmenite with limestone; pellets FleiB et al. (2022)
synthetic C28

15 VIT 60 Ilmenite; braunite Wood pellets; 24 CFB-CFB Up to 90% Up to 89% Gogolev et al.

wood char; (2021a), Gogolev
straw pellets et al. (2021b)

16 CSIC 50 Cu30MnFe; iron ore Coal; pine 130 CFB-CFB Up to 95.9% Up to 93% Abad et al. (2025b),

sawdust; pine Abad et al. (2024),
forest residue; Abad et al. (2020)
olive stones

17 NETL 50 CuFeMnAlOy, 5; CuO and Methane; 65 CFB-BFB 70-90% N/A Bayham et al. (2019),
Fe,03 natural gas Siriwardane et al.

(2021)
N/A SINTEF 50 CaMnOs_; CO; Hy 12 Gas >90% >90% CO- Del Arnaiz Pozo et al.
Switching/ avoidance (2019), Ugwu et al.
Pressurized (2022)

20 Tsinghua 30 Ilmenite; Mn ore Coal; petcock; 260 CFB-BFB Up to 75% Up to 95% Chen et al. (2020),

lignite Liu et al. (2021b)

21 Hamburg 25 CuO/Al,03 German 8 CFB-dual- >98% 93-96% Haus et al. (2020),

hardwood stage FR Lindmdiller et al.
pellets; (2023)
softwood; coal
22 Nanjing 20 Iron ore Coal 11 CFB-BFB Up to 95.3% >97% Wang et al. (2020)
23 Chalmers 10 Ilmenite; Mn ore; LD slag Black pellets; 55 CFB-BFB Up to 95.1% 100% (high- Gogolev et al.
Swedish wood volatile (2021b), Mei et al.
char; German biomass) (2023), Mei et al.
wood char; pine >94% (low- (2021)
forest residue; volatiles
straw pellet mix biomass)

24 IFPEN 10 Ilmenite; LY Mn ore Methane; 100 BFB-BFB Up to 88.9% Up to 90.8% Vin et al. (2022)

petcoke

25 Nanjing 3 Fe,03 Lignite coal 9 BFB-BFB 96% 80.3% Shen et al. (2020)

26 SINTEF 1-2.1 CaMny 775Tio.125Mg0.103_5 co 16 ICR 97% 94% Osman et al. (2020)

27,29  CSIC 1 Tierga ore; Spanish biomass 89 BFB-BFB 70-75% 90-100% Mendiara et al.
CaMng 775Mg0.1Tip.12502.9.5; residues (pine (biomass) (2018b), Cabello
Cul4AL_ICB sawdust/olive et al. (2023b),

stone/almond Cabello et al. (2021)
shell); methane;

simulated

biogas

31 Chalmers 0.3 Mn ores; LD slag; ilmenite; Synthetic 301 CFB-BFB Up to 97% N/A Moldenhauer et al.

CaMnOs3 s biomass (CHy), 85% (2018a),
volatiles; (kerosene), Moldenhauer et al.
syngas; 99% (syngas), (2018b), Hedayati
methane; 97.6% et al. (2022),
kerosene (synthetic Hedayati et al.
volatiles) (2021), Lyngfelt et al.

(2022a), Li et al.
(2024a), Li et al.
(2024b)

Abbreviations. See Table 1.
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(discussed in Section 2.2.1.2), fuel choices, and research focuses.

While early studies primarily focused on gaseous fuels for funda-
mental validation, recent developments exhibit a predominant interest
in solid fuels, including coal, biomass, and waste-derived feedstocks.
This transition is most likely driven by the urgent need to upscale CLC
and decarbonize power generation and heavy industries. A critical
milestone in the scaling-up process is the achievement of auto-thermal
operation, which is essential for industrial-scale viability. Notable suc-
cesses have been recorded across various scales, including the SINTEF
150-kWy, unit (Langgrgen et al., 2025; Langgrgen et al., 2023), the
Darmstadt 1 MWy, pilot plant (Ohlemiiller et al., 2016), and the
Chalmers 1.4/10 MWy, unit (Berdugo Vilches et al., 2017). The details of
these plants are available in Table 1, no. 11, 4, and 3. Most recently, the
world’s largest CLC facility to date,the Tsinghua 5-MWy, unit (see
Fig. 14 and Table 1, no. 1), has further pushed the boundaries of the
technology (Li et al., 2025b). The unit demonstrated exceptional CLC
performance using lignite as fuel. Operation achieved a CO5 capture
efficiency exceeding 97% and a remarkably low oxygen demand of
2.45% for unburnt gases. These results, combining high carbon-capture
rates with stable thermal performance at up to a multi-megawatt scale,
provide conclusive evidence that CLC has reached the technological
maturity required for industrial-scale deployment.

As discussed in Section 2.2.1.2, recent years have seen a progression
in oxygen carrier development from mono-metallic systems to more
complex oxides. When comparing pilot-scale operations reported in
earlier investigations, it is clear that a wide range of oxygen carriers has
been employed, spanning from natural ores to synthetically produced
oxides of varying complexity. NiO was a widely used oxygen carrier
during the first decade of oxygen carrier development. However, in
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recent years, NiO has not been tested in any of the pilot campaigns listed
in Table 1. Instead, ilmenite, manganese ores, and mixtures of ilmenite
and manganese ores have been used as oxygen carriers in most of the
pilot studies summarized in Table 2. In addition, waste-derived oxygen
carriers such as LD slag (a steel slag from the Linz-Donawitz process,
BOF) have attracted more attention in pilot-scale investigations over the
past 5-10 years (Hedayati et al., 2022; Mei et al., 2023). More complex
synthetic oxygen carriers—including Cu-based materials (Cul4AIl-ICB
(Cabello et al., 2023b), Cu30MnFe (Abad et al., 2024), CuFeMnAlO4_3
(Bayham et al., 2019), Mn-based materials (CaMnOs made from natural
ores (Li et al.,, 2024b), and synthetic CaMng775Tip125Mg0.103—0
(Cabello et al., 2021; Osman et al., 2020)—have also been tested at
different pilot scales during the last decade to address the limitations of
monometallic oxides, such as thermodynamic constraints, attrition, and
melting-related issues. Attrition resistance is another key criterion for
selecting oxygen carriers for large-scale applications of CLC. Early work
showed that commonly used room-temperature mechanical tests, such
as crushing strength and jet-cup attrition, do not reliably predict the
attrition observed in pilot-scale CLC operation (Lyngfelt et al., 2023). In
pilot units, oxygen carriers are exposed to high temperatures, repeated
redox cycling, and continuous gas-solid contact, which introduce
degradation mechanisms that are not captured by standard mechanical
tests. This indicates that pilot-scale testing, especially with solid fuels, in
which the attrition of oxygen carriers is recorded, is becoming impor-
tant. Recent pilot studies with natural, waste-derived, and synthetic
oxygen carriers have therefore reported oxygen carrier lifetime directly
based on operational data. These studies show that iron- and
manganese-based ores generally experience higher attrition rates than
benchmark ilmenite, with typical operational lifetimes in the range of
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100-400 hours (Vin et al., 2022; Bayham et al., 2019; Linderholm et al.,
2016).

From the operations seen in Table 2, it is clear that CLC has come a
long way in the last decade. An additional spin-off concept to CLC worth
mentioning is Oxygen carrier aided combustion (OCAC). Here the bed
material used in circulation fluidized bed boilers (CFB), i.e., sand, is
exchanged with oxygen carriers. This provides an additional mechanism
for fuel conversion and has been shown to provide benefits for com-
bustion efficiency and opens up for possibilities to use smaller excess air
ratios than done in normal CFB combustion (Storner et al., 2025). OCAC
has been successfully demonstrated in pilot-scale units and in more than
ten full-scale commercial boilers (Lind et al., 2017; Kuhn et al., 2025a;
Stanici¢ et al., 2026). The widespread implementation of OCAC in
commercial-scale facilities serves as a crucial indicator of the industrial
readiness and mechanical robustness of oxygen carrier materials under
rigorous, long-term operating conditions similar to CLC.

Recent pilot-scale CLC studies increasingly focus on biomass and
waste-derived fuels in order to enable carbon-neutral or carbon-negative
energy systems. Compared to coal, biomass and waste-derived fuels
contain higher concentrations of alkali metals, chlorine, and volatile
matter, all of which may influence the performance of the CLC process.
The high volatile content of biomass has been identified as a primary
reason for reduced fuel conversion efficiency in CLC systems (Mohn
et al., 2026; Mendiara et al., 2018b). Consequently, various reactor
configurations and process concepts—such as multi-stage fuel reactors,
fuel reactors equipped with internals, and the use of CLOU oxygen
carriers including Ca-Mn-based materials—have been investigated to
improve the conversion of high-volatile fuels (Shen et al., 2020; Haus
et al., 2020; Lindmiiller et al., 2023; FleiB et al., 2022). As a result,
biomass-ash interactions and their impacts on oxygen carrier perfor-
mance, agglomeration behavior, and gas-phase chemistry have received
increasing attention in recent years. Pilot-scale experiments at Chalmers
using different oxygen carriers in 10 kW and 100 kW units, as well as at
the VTT 60 kW unit, have demonstrated that a substantial fraction of
biomass-derived potassium is retained in the bed material rather than
released to the gas phase, which can offer advantages such as a reduced
corrosion potential of the air-reactor flue gas, allowing for higher steam
temperatures (Gogolev et al., 2019; Gogolev et al., 2022; Gogolev et al.,
2021a; Gogolev et al., 2021b)..

Overall, the pilot-scale operations summarized in Table 2 show the
trends in CLC operation over the past decade. Pilot studies have moved
from short-term demonstrations with gaseous fuels and highly reactive
model oxygen carriers like Ni-, Fe-, Cu-, and Mn-based monometallic
oxides toward extended operation with solid fuels, including biomass
and waste-derived fuels, using natural ores such as ilmenite, manganese
ores, waste-derived materials like steel slag, and multi-elements
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synthetic oxygen carriers. As a result, pilot-scale studies have increas-
ingly addressed the performance of these complex oxygen carriers under
realistic operating conditions, including both reactivity and attrition,
while the introduction of biomass and waste-derived fuels containing
high content of ash species open up more detailed investigations of ash
interactions. Furthermore, successful auto-thermal operation at scales
up to 5 MWy, and the widespread commercial deployment of OCAC
demonstrate that oxygen carrier materials can withstand long-term
circulation under industrially relevant conditions.

3.3.2. Chemical looping gasification

Chemical looping gasification (CLG) with intentional partial oxida-
tion has undergone rapid development in recent years, with clear im-
provements in process control, char conversion, and tar abatement. Most
experimental work focuses on circulating or bubbling fluidized bed
systems operating with biomass and related residues, typically using
natural ores such as ilmenite or hematite as oxygen carriers and bed
materials (see Table 3). A key step toward efficient CLG has been the
development of strategies to control oxygen transport independently of
solids circulation. Larsson et al. (2014) demonstrated in the Chalmers
DFB gasifier that adding ilmenite as an oxygen carrier effectively re-
duces tar yields, but also highlighted that excessive oxygen transport to
the gasifier side leads to undesired syngas oxidation and that oxygen
transport should be decoupled from bed material circulation. Ge et al.
(2016a) tested dilution of hematite with sand in a 25 kW unit, thereby
reducing effective oxygen transport capacity, whereas Pissot et al.
(2018) later reported that such dilution in a 2-4 MW DFB CLG unit
can be operationally sensitive and challenging over longer campaigns.

Dieringer et al. (2020) proposed a complementary strategy based on
restricting the air input to the air reactor, thereby limiting the total
oxygen made available for circulation while keeping solids flux high.
Simulation and pilot-scale data indicate that this approach yields
significantly better cold gas efficiencies and char conversion than simply
reducing oxygen-carrier circulation. The concept has been experimen-
tally implemented and validated at 20 kW scale by Condori et al. (2023);
Condori et al. (2024b), and at 1-MW scale by Marx et al. (2023a) and
Dieringer et al. (2023a) (see Fig. 15), all of whom report stable auto-
thermal operation and high flexibility with respect to oxygen-to-fuel
ratio control. Dilution of ilmenite with inert sand has likewise been
used in a 5-MW CLG pilot by Li et al. (2026) to limit oxygen transport,
but long-term operational issues associated with handling two bed ma-
terials are not yet fully documented. Recent literature on larger units no
longer favors reducing solids circulation as a primary control lever,
reflecting a shift toward air-side oxygen restriction and, to a lesser
extent, carrier dilution.

From a performance standpoint, enhancing char conversion and

Table 3
Chemical looping gasification (CLG) pilot plants.
No.  Location/ Scale Oxygen carrier/Bed Fuel Operation with ~ Remark References
owner (kW) Material fuel
(h)
1 Tsinghua, 5000 Ilmenite, Ilmenite/ Wood pellets 45 Air reactor co-feeding, Li et al. (2026)
CHEERS Sand Sand dilution

3 Chalmers 1400 Ilmenite, Manganese, =~ Wood pellets N/A No process control Larsson et al. (2014)
LD-Slag

4 TU Darmstadt 1000 Ilmenite Wood pellets, Straw pellets >400 AR oxygen restriction Dieringer et al. (2023a),

Marx et al. (2023a)

22 Nanjing 25 Hematite, hematite/ Rice husk N/A Sand dilution Ge et al. (2016b), Ge et al.
sand (2016a)

16 CSIC 20 Ilmenite Wheat straw, pine forest residue, 85h AR oxygen restriction Condori et al. (2024b),

Torrefied wheat straw Condori et al. (2024b)

- Guangzhou 10 Fe-Ni Pine saw dust N/A No process control Wei et al. (2015b), Wei et al.
Fe203/A1203 (2015a)

- Nanjing 5 hematite Lignite N/A Shen et al. (2018)

- Ohio N/A FeTi based Biomass >600 Moving bed gasification Park et al. (2023)

reactor

Abbreviations. See Table 1.
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Fig. 15. Reactor configuration of the 1-MWpy, pilot plant at TU Darmstadt for
chemical looping gasification (CLG). The air reactor is on the left, and the fuel
reactor is on the right. Reproduced from Marx et al. (2021), licensed under CC
BY 4.0.

reducing both carbon slip and tar yield remain central research objec-
tives in CLG. The most consistent levers identified across scales are high
fuel-reactor temperatures and the use of catalytically active oxygen
carriers. Studies by Wei et al. (2015b) (10 kW), Ge et al. (2016a) (25
kW), and Marx et al. (2023a) (1 MW) show that increasing fuel-reactor
temperature systematically improves carbon conversion and reduces
carbon leakage, while simultaneously shifting syngas composition to-
ward higher Hy and CO and lower CO».

Oxygen carriers and bed materials are also used as in situ tar-
reduction agents. Ilmenite in dual fluidized beds, for example, consis-
tently lowers tar levels relative to units operated with inert bed materials
only, while tar concentrations in large CLG pilots (1-5 MW) have been
reported below those in comparable non-CLG gasifiers even at similar
temperatures. Industrial by-products such as LD slag have emerged as
promising low-cost oxygen carriers, combining moderate oxygen
transport capacity with strong catalytic activity for tar cracking and
reforming, and thus offering a cost-effective alternative to natural ores
like ilmenite (Hildor et al., 2023).

Although most CLG demonstrations use woody biomass, more chal-
lenging feedstocks such as rice husk and wheat straw have also been
investigated in lab and pilot units. Ge et al. (2016a) showed that rice
husk can be successfully gasified in CLG with hematite, while Condori

22
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et al. (2023) evaluated wheat straw in a 20 kW CLG unit and further
studied the impact of torrefaction on syngas yield and char conversion
(Condori et al., 2024b). These studies indicate that difficult agricultural
residues can be handled reasonably well at smaller scales, but long-term,
stable operation with such fuels at larger scales still presents challenges,
as highlighted in a 1-MW CLG campaign with biogenic residues
(Dieringer et al., 2023a) and in a recent review by Miao et al. (2022)
regarding ash, agglomeration, and oxygen-carrier deactivation.

Beyond dual fluidized bed systems, other reactor configurations such
as moving-bed-circulating-fluidized-bed hybrids have also been sug-
gested. A notable example is the moving-bed redox-looping biomass-to-
syngas system, which has accumulated over 600 h of operation with
various biomass feedstocks and produced high-purity syngas with Hy/
CO ratios around 2 and very low tar levels, comparable to fluidized-bed
CLG units (Park et al., 2023). Despite these promising results, such
alternative configurations still receive less attention than DFB-based
designs and remain at an earlier stage of technology readiness.

3.3.3. Chemical looping reforming

Chemical looping reforming (CLR) typically employs interconnected
fluidized bed reactors such as fuel reactor and air reactor (see Fig. 9a). In
the FR, the fuel reacts with the oxygen carrier forming syngas. H,O and/
or CO, can be introduced with the fuel to assist fluidization and as
reforming agent (steam, dry reforming, respectively), which allows
adjusting the H,:CO ratio. In addition, the operation in fixed bed re-
actors has demonstrated the viability of several oxygen carriers and the
pressurized operation of the CLR concept. In general, promising key
performance indicators (KPI) values have been reached during the last
10 years with various feedstocks, including gaseous and liquid fuels,
which emphasizes the practical application and industrial scalability of
this innovative chemical looping approach. The operating experience of
CLR in continuous units is summarized in Table 4.

3.3.3.1. Advances in pilot-scale demonstration. The conceptual founda-
tion of chemical looping reforming (CLR) was established in the early
2000s at Chalmers University of Technology, with revolutionary pilot-
scale demonstrations marking critical milestones in technology valida-
tion (Rydén et al., 2006, 2008; Rydeén et al., 2009). Instituto de Carbo-
quimica (ICB-CSIC) demonstrated the CLR feasibility for methane under
several operating conditions (Diego et al., 2009). The Vienna University
of Technology constructed also one of the first CLR pilot units, a 140-kW
dual fluidized bed system operational from 2009, which demonstrated
continuous syngas production using natural gas as fuel and nickel-based
oxygen carriers (Kolbitsch et al., 2009; Proll et al, 2010;
Bolhar-Nordenkampf, 2009). Considering the problem of using pres-
surized, interconnected fluidized beds, Ortiz et al. (2010) presented the
first experimental CLR results obtained in a semicontinuous fluidized
bed reactor operating at high pressure (up to 10 bar). The use of
membranes coupled into the fluidized bed fuel reactor in a CLR process
has been also demonstrated (Patil et al., 2007; Gallucci et al., 2008;
Andrés et al., 2011; Medrano et al., 2018; Wassie et al., 2018), as well as
dynamically operated fixed beds (Karimi et al., 2014). By 2015, inter-
connected fluidized bed reactors had clearly emerged as a viable
configuration for chemical looping applications, while key
challenges—including oxygen carrier mechanical stability, carbon for-
mation, and reactor hydrodynamics—were identified. The technology
maturity reached TRL 3-4, with limited operation at elevated pressure
and scarce data on biogas, liquid fuels, or long-term oxygen carrier
degradation, leaving significant uncertainty for industrial deployment.

Over the past 20 years, CLR has progressed from laboratory concept
to pilot-scale validation, with recent demonstrations achieving TRL 5
readiness. The last decade has seen a significant push toward optimizing
reactor designs and operational strategies to enhance process efficiency.
Also, recent studies have emphasized oxygen carrier stability, fuel
flexibility, and reactor design, with emerging efforts for flexible fixed-
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Table 4
Operating experience on continuous units for chemical looping reforming (CLR).
No.  Location/ Scale Configuration Oxygen carrier Fuel Reforming T(CC;p KPIs Operation References
owner kw) agent (bar) with fuel
(h)
Fluidized Beds
12 TU Wien 120 Dual circulating Ni-based Natural gas H,0 750- X~100% 18 Bolhar-Nordenkampf
fluidized bed oxygen carrier 900; 1 H,:CO=2- (2009), Proll et al.
(DCFB) (NiO on Al,03/ 2.5 (2010)
MgO)
26 SINTEF 3 Internally NiO65/35 CH4 H;0 650; 1.7 X~90- N/A Osman et al. (2019)
circulating reactor  Al,O3 98%
(ICR) H,:CO=2-
3.5
27 CSIC-ICB 1 Dual fluidized bed Ni21-yAl, CH,4 H,0 800- X~100% 40 Diego et al. (2009)
NiO18-aAl,03 900; 1 Hy:
C0=2.5-3
Cul4ALICB CHy, biogas H,0 /CO, 800- X~96% 30 Cabello et al. (2022b)
900; 1 H,:
C0=1.2-3
FerroSorp® Biogas CO4 900; 1 X=~55% N/A Cabello et al. (2023c)
DGp H:CO~1
Fe residue Biogas CO4 900; 1 X~80- N/A Cabello et al. (2024b)
(Ferrosorp), 90%
Mn66FeTi7, Ni H,:
added CO~1.2
28 CSIC-ICB 1 Dual fluidized bed Ni21-yAl, Bioethanol H.0 850- X~98% 50 Garcia-Labiano et al.
conical Nil18-aAl,03 950; 1 H,: (2015)
CO~1.9
NiO18-aAl,03 Diesel H,0/CO, 900; 1 X~100% 22 Garcia-Diez et al.
mixtures Hy: (2017)
CO~0.5-2
NiO18-aAl,03 bio-glycerol H,0 750- X~100% 35 Adénez-Rubio et al.
850; 1 Hy: (2021)
CO~1.5-2
NiO18-aAl,03 wood bio-oil H,0 650- X~100% 60 Adanez-Rubio et al.
850; 1 H,:CO~2- (2022)
3
30 CSIC-ICB 1 Semicontinuous Ni21-yAl, CHy H,0 800- X~100% 50 Ortiz et al. (2010)
Fluidized bed NiO18-aAl;03 900; 1- Hy:
10 CO~2.5-3
31 Chalmers 0.3 Dual Fluidized bed NiO60- Natural gas H,0 820- X~100% 41 Rydén et al. (2006)
MgAl,04, 930; 1 H,:
CO~1.5-2
Ni20-MgAl0y, Natural gas H,0/CO, 850- X=96- 59 Rydén et al. (2008)
N18-aAl, 950; 1 100% 57
Ni21-yAl Hj: 42
CO=~1.3
Ni40-ZrO2- Natural gas H,0 940; 1 X~100% 40 Rydén et al. (2009),
MgO H,:CO~2-
2.5
N4MZ-1400 Kerosene H,0 850- X~100% 20 Moldenhauer et al.
(NiO40-ZrMg) 950; 1 Hy: (2012)
CO~1.2
32 Eindhoven 0.6 Membrane- Ni-based, Pd- CH,4 H,0 450- X~40- 100 Medrano et al. (2018)
assisted CLR membranes 600; 1 90%
Continuous H,:CO=~6
circulation
33 Eindhoven N/A Membrane- Ni-based, Pd- CH,4 H,0 400- X~20- N/A Wassie et al. (2018)
assisted CLR Ag membrane 550; 1-4 50%
Gas switched Ha:
CO=~10
8 Univ N/A Fluidized-bed SE-CLR CH4 H>0 550; 3 X~50% 5 Andrés et al. (2011)
British reformer with Pd-Ag Ha:
Columbia membranes membrane, CO~15
CO;, capture by
limestone
Packed beds
35 Eindhoven 2 CLR-PB packed NiO/CaAl,04 CH4 H,0, CO4y 600- X~90- > 400 Spallina et al. (2017)
bed 900; 1.1 92%
Ho:
CO~0.25-
5
36 Manchester  lab CLR-PB packed NiO/CaAl,04 CH,4 H,0, CO, 400- X~100% 480 Alexandros Argyris
scale bed 900; 1-5 H,: et al. (2022)
CO~0.2-
0.25

(continued on next page)
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Table 4 (continued)
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No.  Location/ Scale Configuration Oxygen carrier Fuel Reforming T(C;p KPIs Operation References
owner (kw) agent (bar) with fuel
(h)
Fe-Al1203 CHy4 600- X~60% N/A Leeuwe et al. (2023)
900; 1-3 Hy:
CO~0.1-
2.5
37 Ghent Super- Two parallel fixed- Biogas/ High-T N/A Moonshot Flanders
University dry CLR  bed reactors biomethane + (design) (2026)
pilot excess CO,
(LCT) (super-dry)

Abbreviations. See Table 1. Xg: fuel conversion

bed modules and dual fluidized beds.

Common reactor configurations for chemical looping reforming are
categorized into interconnected fluidized bed reactors and batch re-
actors (fixed /fluidized beds) with gas switching mechanical valves.

Most large-scale chemical looping plants use the configuration of
interconnected fluidized beds, operating at nearly atmospheric pressure.
Fluidized bed systems offer superior heat transfer and near-isothermal
operation, enabling autothermal operation and continuous syngas pro-
duction and making them attractive for commercial development.
Circulating fluidized beds are particularly suitable due to high solids
circulation rates. However, it should be considered that CLR does not
need so high solid circulation rates as in CLC due to less oxygen needs to
be transferred to the fuel, which can make it easier to reach the required
entrainment flow of solids from the reactors.

Despite the promising results obtained in CLR units based on fluid-
ized beds, no recent advances in scale-up have been made in inter-
connected fluidized beds after the demonstration of the CLR process at
140 kW in TUV in 2009, the largest CLR scale ever. This lack of interest
in the recent past may be due to several factors, including the energy
transition from fossil to renewable energy sources and the smaller
market for biogenic or waste fuels, whether gaseous or liquid. However,
the increasing interest on the green hydrogen production from also
increasing biogenic fuels, such as biogas, could revive the interest in the
development of the CLR technology. Also, CLR can be integrated into
CO, capture processes, allowing to produce Hy while simultaneously
achieving negative CO, emissions.

Fixed-bed reactors, typically operated in cyclic mode, have been
extensively used for fundamental studies of oxygen carrier kinetics and
fuel conversion. This concept has several advantages with respect to the
interconnected fluidized beds, including a compact design, better oxy-
gen carrier utilization, and reduced attrition. More recently, dynami-
cally operated packed-bed CLR has gained momentum for TRL 4-6
applications, as it avoids high-temperature solids circulation and is
inherently compatible with pressurized operation and downstream
pressure swing adsorption (PSA) for high-purity hydrogen production.
Thus, syngas production efficiencies can be maintained at elevated
pressures relevant for downstream methanol or Fischer-Tropsch syn-
thesis (Spallina et al., 2017; Alexandros Argyris et al., 2022). However,
this configuration requires frequent gas switching at high temperature,
which is a challenge for large-scale operation. Within the RECYCLE
project, more than 480 h of operational experience has been achieved in
alternating packed bed CLR reactor pilot located at the University of
Manchester. This has been the base for the scale up of the technology up
to a 300 MWy n2 of blue hydrogen production at pressures above 30
bar and temperatures exceeding 900°C (RECYCLE Consortium, 2022).

3.3.3.2. Operational parameters and performance. Optimal operational
windows are critical for maximizing Hy/CO yield and minimizing oxy-
gen carrier degradation. The fuel conversion and syngas/Hj yield is
mainly determined by the oxygen carrier performance and the operating
conditions which strongly influence conversion and selectivity. In
addition, the syngas composition is influenced by the promotion of
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either steam or dry reforming in CLR. Thus, chemical looping steam
reforming (CLSR) dominates for blue hydrogen, while dry reforming
(CLDR) with biogas is emerging for green hydrogen.

Pilot studies report operation predominantly in the 700-950°C
range, although lower temperatures are suitable for highly active oxy-
gen carriers. Lower temperatures favor higher Hy/CO ratios in syngas
but can lead to incomplete fuel conversion and carbon deposition.
Studies have consistently shown that increasing temperature from 800
to 900°C enhances methane conversion from approximately 75% to
95%, though temperatures exceeding 950°C can accelerate oxygen
carrier sintering and reduce long-term stability. Also, higher tempera-
tures reduce Hy selectivity due to the water-gas shift equilibrium.
Nevertheless, the Hy/CO ratio may be modified downstream via water-
gas shift reaction. Thus, typical operating temperatures are in the range
of 850-950°C for Cu-based, Fe-based and perovskites materials to secure
high conversion and oxygen-carrier utilization. Nevertheless, lower
temperatures (e.g., 600-800°C) may be used with Ni-based oxygen
carriers (Adanez-Rubio et al., 2022). Packed bed CLR units have been
tested between 400 and 950°C, with higher temperatures favoring CHy4
conversion but increasing sintering and carbon risk (Leeuwe et al.,
2023).

Near-atmospheric pressure has been used in fluidized pilots, with the
exception of the ICR concept. In fact, pressurization presents significant
challenges in reactor sealing and solids circulation but offers major ef-
ficiency gains (Osman et al., 2021; Cabello et al., 2023c). On the con-
trary, packed bed CLR is explicitly developed for elevated pressure (up
to =~ 20-30 bar in design studies and several bar in pilot campaigns) to
match synthesis gas downstream requirements (Proll and Lyngfelt,
2022). Thus, some experience under pressurized conditions can be
found for operation in fixed bed reactors. However, tests on continuous
units have not yet exceeded 10 bar.

The oxygen-to-fuel ratio may be modified in the interconnected
fluidized bed concept, which highly influences the syngas/Hj yield. The
strategy to control the oxygen to fuel ratio varies depending on the
reactor variant used. The space velocity, which depends on the bed
solids inventory and fuel flow, and the cycle times can be varied in
packed beds to achieve target conversions. In interconnected fluidized
bed pilots, the oxygen-to-fuel ratio may be set by either controlling the
air flow, the solids circulation rate, or the solids inventory. Tuning the
solids circulation rate or the solids inventory in the reactors is complex
and has low potential for its scale-up (Proll et al., 2010); thus, the most
promising option is to limit the air flow in the air reactor. In this case,
concentrated Ny stream is produced in the air reactor, which can add
value to the process. Also, the solids circulation rate is only determined
to match the heat demand in the fuel reactor,which simplifies the con-
trol of the CLR unit (Diego et al., 2009; Ortiz et al., 2010; Garcia-Labiano
et al., 2015; Proll et al., 2009; Proll et al., 2010).

While methane and natural gas have dominated CLR pilot studies up
to 2015 due to their industrial relevance, recent research has demon-
strated successful reforming of diverse fuel sources such as biogas/bio-
methane (pilots target dry reforming to valorize in-situ COz2), industrial
off-gases and liquid fuels. Thus, a significant trend is the expansion of
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CLR beyond natural gas to include a wide range of gaseous and liquid
fuels, driven by the need for carbon-neutral or renewable hydrogen.

Biogas and biomethane reforming has been validated at pilot scale,
exploiting the inherent CO; in the feed for CLDR, sometimes supple-
mented by steam (combined wet/dry reforming) to tailor syngas
composition and mitigate carbon. Studies with biogas feeds (typically
60% CHy4, 40% CO3) have shown that chemical looping dry reforming
can achieve syngas production with Hy/CO ratios near unity, valuable
for downstream synthesis applications. In the ICB-CSIC unit, biogas
CLDR at 950°C with a Cu-based carrier provided high CH4 conversion
and syngas yields similar to CLSR, using CO» as reforming agent (Cabello
et al., 2022b). These studies show that CO: present in biogas can
participate in dry reforming reactions. Other materials used in biogas
reforming were a residue based on iron, FerroSorp® DGp, and a syn-
thetic Mn66FeTi7, with some Ni addition (Cabello et al., 2023c; Cabello
et al., 2024b).

Liquid fuels, both fossil fuels, including mineral oils and liquid hy-
drocarbons (diesel, kerosene, heavier fuel oil, vacuum residue), and
biogenic fuels -such as ethanol, methanol, glycerol or pyrolysis oils-
have been tested at bench and small pilot scales for CLR (Garcia-Diez
et al., 2017; Moldenhauer et al., 2012).. Pilot work has reached TRL
4-5, using specially designed fuel injection systems in different chemical
looping processes (Moldenhauer et al., 2014). Bioethanol was used as
fuel in a 1-kWy, CLR unit using Ni-based oxygen carriers to produce a
syngas composition closed to the given by the thermodynamic equilib-
rium and without CO2 emissions into the atmosphere (Garcia-Labiano
et al., 2015). Glycerol, a byproduct of biodiesel production, has been
reformed in CLR systems with conversions exceeding 90%. In some
cases, challenges with catalyst coking and oxygen carrier stability have
limited long-term demonstrations. These issues were solved using highly
reactive Ni-based oxygen carriers prepared by incipient wet impregna-
tion on alumina (Adanez-Rubio et al., 2021).

Pyrolysis oils and bio-oils derived from biomass fast pyrolysis
represent particularly challenging feedstocks due to their complex
composition and high oxygen content. Preliminary studies have shown
feasibility but identified significant challenges with tar/coke formation
and oxygen carrier deactivation (Adanez-Rubio et al., 2022). Oxygen
carriers with high oxygen mobility (e.g., CeOy-based materials) and
co-feeding of steam may be options to limit the formation of carbon
deposits (see Section 2.2.3.3). Higher TRL at pilot-scale with liquid fuels
remains scarce, most work being still at lab scale, indicating a clear gap
in TRL progression for these feedstocks.

3.3.3.3. Oxygen carriers and stability. Pilot reports focus on multi-cycle
tests (hundreds of cycles at kW scale) measuring oxygen carrier ageing,
attrition, and coke accumulation. Scaled oxygen carrier production is
critical for the CLR scale-up, being the practical bottlenecks for TRL
progression. Pilot-scale studies have demonstrated that optimized oxy-
gen carriers based on Ni, Cu, Fe, and perovskite formulations can sustain
stable redox cycling over several hundred cycles, although attrition and
sintering remain key degradation mechanisms for fluidized bed appli-
cations. Nevertheless, some relevant advances have been recently ach-
ieved in this context. For example, a highly durable material based on
CuO has been identified under CLR conditions, including dry reforming
of biogas (Cabello et al., 2022b).

Ni-based carriers remain the benchmark due to their high reactivity.
Often, pilot CLR operations consistently show that, despite excellent
initial fuel conversion, these materials are prone to carbon deposition
and sintering. Nevertheless, impregnated Ni-based oxygen carriers using
alumina as a support showed excellent stability and reactivity (Diego
et al., 2009). Importantly, continuous operation in dual fluidized bed
CLR units with these oxygen carriers has proven that coke encapsulation
can be effectively mitigated by controlling the steam-to-fuel ratio,
demonstrating operational robustness at pilot scale.

While Ni-based carriers exhibit high activity, their high cost, toxicity,
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and susceptibility to carbon formation and sulfur poisoning limit their
scalability and commercial readiness. Consequently, developing oxygen
carriers that are low-cost, mechanically stable, and environmentally
benign has become a central focus in advancing CLR technology. Recent
pilot-scale implementations increasingly target materials that balance
redox performance, attrition resistance, and economic feasibility,
reflecting a shift from Ni-dominated systems toward Cu, Fe, Mn, and
perovskite-based carriers, as well as emerging low-cost, waste-derived
materials (Cabello et al., 2023c). These developments indicate a pro-
gressive maturation of CLR technology, moving from laboratory studies
toward higher TRL demonstrations suitable for industrial application.

Cu-based materials offer improved stability and lower carbon
deposition. The ICB-CSIC CLR pilot relies on a synthetic Cu-Al oxygen
carrier (Cul4Al), which shows high reactivity and maintains perfor-
mance over extended campaigns (Cabello et al., 2022b).

Fe-based residues have been also tested with good results in the dry
reforming of biogas (Cabello et al., 2023c; Cabello et al., 2024b).
Fe-based carriers are particularly attractive for packed-bed CLR due to
low cost, environmental benefits and good redox stability but with lower
reactivity and catalytic activity (Zheng et al., 2022).

Packed-bed tests with Fe-based beds have reported stable operation
at 850°C, with negligible carbon deposition under suitable CH4/CO5/
H5O0 ratios and resilience after episodes of coking. Mid-temperature Fe-
based oxygen carriers (~600°C) show outstanding cyclic stability over
hundreds of cycles in lab tests, suggesting possible application in future
low-temperature CLR pilots.

Some perovskite oxygen carriers are being evaluated for CLR in pilot-
relevant conditions, showing promising redox behavior and long life-
times, though most testing is still at lab or small pilot scale (Zheng et al.,
2022).

3.3.3.4. Carbon formation and mitigation strategies. Carbon deposition
on oxygen carriers is a central concern in pilot CLR, particularly for dry
reforming and for fuels with higher hydrocarbons or tars (Leeuwe et al.,
2023). Thermodynamic analyses indicate that carbon formation is
favored at lower temperatures (<750°C) and low oxygen-to-fuel ratios,
such as existing in CLR. As explained above, hydrocarbon cracking and
Boudouard reactions on metal surfaces (notably Ni ensembles) lead to
filamentous and encapsulating carbon (Zhang et al., 2020). However,
autothermal CLR pilots report negligible coke formation under
controlled stoichiometry. Thus, the intrinsic intermittent oxidation to
CLR under optimized air/fuel ratios, steam co-feeding in CLSR and
careful thermal management reduce coke in continuous pilots (Piso
et al., 2023).

The continuous operation in interconnected fluidized bed reactors
minimize the carbon deposition on the oxygen carrier and the avoidance
of COy emissions to the atmosphere, which has been proved with
methane, ethanol, glycerol, industrial oil and diesel fuel in CLSR, as well
as in CLDR with the existing CO5 to CH,4 ratio in biogas (Diego et al.,
2009; Garcia-Labiano et al., 2015; Adanez-Rubio et al., 2022; Cabello
et al., 2022b; Cabello et al., 2023c¢). This fact was confirmed both with
Ni-based and Cu-based oxygen carriers in the ICB-CSIC pilot. The
exception is when pyrolysis oil was used as fuel, in which case, carbon
formation could not be avoided with NiO/AlyO3 oxygen carriers,
resulting in CO, emissions from the air reactor, although oxygen carrier
deactivation was not an critical issue (Adanez-Rubio et al., 2022).
Nevertheless, the regeneration in air restores oxygen carrier activity by
burning coke and prevents excessive carbon buildup that could lead to
particle agglomeration and fluidization problems.

3.3.3.5. CLR process intensification. Hydrogen production can be
intensified by combining chemical looping reforming with process-
enhancement strategies that shift reaction equilibria and improve sep-
aration. One approach is SE-CLR, which has been demonstrated in fixed-
bed configurations due to their operational simplicity. Early pilot
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concepts employed alternating packed beds containing mixed oxygen
carrier-COz sorbent materials, operating in cyclic modes comprising
sorption-enhanced reforming, sorbent calcination, and oxygen carrier
regeneration. Several studies demonstrated high-purity hydrogen pro-
duction (>95%) in single-bed arrangements (Wang et al., 2015;
Antzaras et al., 2020; Masoudi Soltani et al., 2021; Antzaras and
Lemonidou, 2022; Zhong et al., 2024).

The SE-CLR concept is also potentially scalable using interconnected
fluidized beds (Rydén and Ramos, 2012). Recent studies show that the
formulation of the oxygen carrier and CO5 sorbent, as well as its reac-
tivity and capability to transfer oxygen and COs, are key aspects for its
proper use in a pilot unit based on three interconnected fluidized bed
reactors (las Obras Loscertales et al., 2025a). The construction and
operation of a 1 kW SE-CLR unit at the ICB-CSIC, including the complete
loop with three interconnected fluidized bed reactors, is planned to
demonstrate the proof of concept of this technology to produce highly
concentrated hydrogen with inherent CO, capture (Gonzalez-Torrijo
et al., 2025).

Super dry reforming (SDR, see Fig. 16) concepts represent a related,
though distinct, chemical looping approach focused on CO production.
As in SE-CLR, SDR uses also a mixture of oxygen carrier and CO; sorbent
but from a different perspective. The process involves the following
steps: (i) complete fuel oxidation by reaction with an oxygen carrier, the
CO; being trapped by a sorbent; and (ii) calcination of the sorbent
coupled with in-situ CO5 splitting by the oxygen carrier -which is
oxidized- producing CO (Buelens et al., 2016). For that, SDR employs
oxygen carriers with CO2-splitting capability, typically Fe-based mate-
rials which may be reduced to Fe or FeO by the fuel and oxidized to
Fe304 by CO», producing CO.

In the “super-dry” CLR concept, a high excess of CO5 is mixed with
the fuel, which makes it very attractive for biogas conversion. Recently,
the University of Ghent/LCT commissioned an SDR pilot plant (opened
in 2024) designed to demonstrate intensified chemical looping dry
reforming of biogas/biomethane with CO: recycling at pilot scale. The
facility features a modular multi-reactor architecture, and kg-scale OC
production at TRL ~ 5 for durability testing representing a bridge to-
ward industrial scale-up (Buelens et al., 2024). The SDR is demonstrated
at elevated pressures (up to several bar) to examine industrial conditions
(RECYCLE Consortium, 2022). While promising, further evaluation is
needed regarding some thermodynamic limitations, namely: (a)
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Fig. 16. Super dry reforming (SDR) process for enhanced CO production from
CH4 and CO,. Reproduced from Buelens et al. (2016) with permission.
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complete combustion of fuel by the oxidized Fe3O4 is hindered due to
the relatively low CO»/CO ratio (as well as HoO/Hj) at equilibrium
conditions when Fe30y is being reduced to FeO, which may require an
intermediate oxidation step with air to allow fully oxidation to FepOs;
(b) limited conversion of CO: evolved in the calcination step via splitting
reaction with Fe or FeO, which limits the CO amount produced; and (c)
the balance between chemical energy released during fuel combustion
and chemical energy in produced CO, which may require additional
energy from an external source.

Another approach integrates hydrogen-permeable membranes in
fluidized-bed reformers to selectively remove hydrogen as a permeate,
lowering its partial pressure and driving reactions toward increased CH4
conversion while producing a high-purity hydrogen stream (Wassie
et al., 2018). The membrane assisted CLR has been demonstrated at
lab-scale in a continuous operated CLR unit with Pd-based membranes
immersed in the fuel reactor bed (Medrano et al., 2018). A high purity
H, stream was obtained, but the methane conversion was about 60% due
to relatively low temperature (<600 °C) which was limited by the
membrane specifications.

3.4. Indirect gasification pilot testing

Indirect gasification, also known as dual fluidized bed gasification
(DFBG), represents the most mature form of solid looping gasification
technology. Several commercial and semi-commercial units with ther-
mal capacities in the range of 8-32 MW have been successfully operated
for more than 10,000 hours (see, e.g., Fig. 17). Consequently, a sub-
stantial body of real-world operational data exists. These data reveal a
high degree of consistency across systems of different sizes and designs,
and operation and control concepts, with temperature exerting only a
limited effect on syngas quality. In contrast, the choice of bed material
and additives—particularly limestone—has a significant influence
(Larsson et al., 2021). Most existing DFBG plants primarily utilize wood
chips or other wood-derived fuels. However, more challenging feed-
stocks such as bark (Ahlstrom et al., 2019) and even plastic wastes
(Hongrapipat et al., 2022) are utilized in commercial-scale operation,
reflecting the operators’ ongoing efforts to reduce feedstock costs.
Furthermore, all plants operate with at least olivine, most also with
addition of calcium (limestone) or potassium additives to enhance the
conversion of the feedstock into syngas, with silica sand being the
exception.

In addition to the large-scale operation of DFBG, enhancements in
DFBG reactor design have been proposed and investigated in a scale of
0.1-1 MW, notably at TU Wien and the University of L’Aquila. The
concept developed by TU Wien features a multi-stage gasification
reactor with internal constrictions to enhance gas-solid contact in the
gasification reactor and allow axial separation of distinct reaction re-
gimes. Mauerhofer et al. (2019) quantified the evolution of product gas
composition along the reactor height for woody biomass, showing that
most devolatilization and primary tar release occur in the lower section,
while steam reforming, water—gas shift, and tar cracking dominate in the
upper stages. They reported increasing Hy and CO and decreasing hy-
drocarbons and tars with height, demonstrating that extended gas-solid
contact time and staged fluidization substantially improve gas quality
and tar conversion. Over the past decade, this configuration has been
tested under various conditions, employing a broad range of feedstocks
and bed materials. The results have enabled a detailed understanding of
key parameters governing gasifier performance, showing the influence
of parameters like feedstock feeding location (Bartik et al., 2024; Schmid
et al., 2021a; Mauerhofer et al., 2019). In addition to standard DFBG
operation, the 100-kW TU Wien unit has been successfully operated with
limestone as the bed material at gasification temperatures below 690 °C,
thus implementing sorption-enhanced gasification. Building upon the
results of this 100-kW advanced DFBG unit, a scale up to 1 MW has been
implemented by BEST and early operational data indicate promising
performance for further optimization (Kadlez et al., 2025).
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1. Fuel handling system
2. Gasification and Combustion
3. Primary product gas cleaning
3.1. Product gas cooler
3.2. Product gas filter
3.3. Precoating and particle recirc.
3.4. Tar scrubber
3.5. product gas fan
4. Flue gas system
4.1. Flue gas cooling
4.2. Flue gas filter and fan
4.3. Ash handling system
5. Tar adsorption
6. Compressor

7. Olefin hydrogenation

8. H,S scrubber

9. Water gas shift reaction

10. Pre methanation

11. CO2 scrubber
12. Methanation
13. Drying and odorization

|

Fig. 17. Scheme of the main process steps in the GoBiGas plant, which is one of the largest indirect gasification facilities worldwide. Reproduced from Thunman

et al. (2019), licensed under CC BY 4.0.

A recent innovation has been introduced by the University of
L’Aquila, featuring an integrated design in which both reactors are
housed within a single vessel. This compact configuration aims to
improve the economic and operational efficiency of smaller gasification
systems (Di Carlo et al., 2022). However, testing data remains limited
(Papa et al., 2023), and its competitiveness relative to conventional
DFBG designs with separate reactors is yet to be demonstrated.

4. Model development
4.1. Carbonate looping models

Modeling the carbonate looping (CaL) process is useful for process
optimization and assessment, design of reactors, and scale-up. Ten years
ago, Martinez et al. (2016) published a detailed review on modeling of
the CaL process. Since then, simulation work has focused on improving
assumptions using experimental data and developing new models suit-
able for novel CaL and IHCaL configurations (see Sections 2.1.1 and
2.1.2.). This section focuses on new models and advancements on CaL
simulation of the last ten years. However, we also explain the earlier
work on which recent publications are based. An overview of the models
is available on Table 5.

Modeling CaL involves the consideration of various phenomena in
different scales. Thus, reactor models are generally integrated into
process-level models to assess the influence of phenomena at the reactor
and particle level on process performance. This not only increases the
complexity of the simulations but also introduces a necessity for reactor
models that can be run with low computational requirements, enabling
the integration into larger models. Historically, the focus of reactor
modeling was set on the carbonator, which is the main reactor deter-
mining the performance of the Cal process. However, recent studies
have shown the important of the calciner in terms of sorbent deactiva-
tion (Scaltsoyiannes and Lemonidou, 2021) and reduction of sorbent
carrying capacity due to incomplete calcination (Greco-Coppi et al.,
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2025a), motivating more calciner simulations. The carbonator models
are discussed in Section 4.1.1 and the calciner models are explained in
Section 4.1.2. While previous subsections have been focused on
post-combustion applications, Section 4.1.3 has been devoted to
describing progress done on modeling of SE-Cal either in FB systems or
packed bed configuration.

Process modeling involving some kind of reactor models is generally
performed in Aspen Plus (Greco-Coppi et al., 2026b; Martinez et al.,
2018; Hejazi and Montagnaro, 2024). Recent studies using process
simulations focused on integrating CaL systems to steel mills
(Montiel-Bohorquez et al., 2025), and cement (Lena et al., 2019), lime
(Greco-Coppi et al., 2024c), and waste incineration plants (Greco-Coppi
et al., 2026b, 2024a).

4.1.1. Carbonator models

Carbonator models generally consider: (i) carbonation kinetics, (ii)
sorbent deactivation, and (iii) reactor hydrodynamics and solid-gas
contact. A review of the most common modeling assumptions for flu-
idized bed carbonators, using the approach is available in the work of
Greco-Coppi et al. (2024d) and Greco-Coppi et al. (2025a).

There are not many experimental studies on carbonation kinetics for
the range of temperatures and CO partial pressures relevant for CaL
operations. A reason for this is that deriving reliable kinetics data is very
challenging (cf. Arcenegui-Troya et al., 2022). In general, two stages are
clearly identified within the carbonation reaction: (i) a fast, chemically
limited stage, (ii) a much slower stage, limited by diffusion through the
CaCOs product layer. For practical CaL applications in fluidized beds,
the slow stage is generally neglected (Greco-Coppi et al., 2025a). The
carbonation rate in the first stage is linearly defendant on the specific
particle surface. Furthermore, carbonation kinetics are generally
considered first-order dependent on CO» partial pressure (pco2) up to 10
kPa offset from equilibrium conditions. There is disagreement whether
starting at 10 kPa the first-order dependency on CO, continues (e.g.,
Bhatia and Perlmutter, 1983), or the dependency disappears after this
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Table 5
Overview of carbonate looping (CaL) models: recent advances (last 10 years) and most relevant studies of the last 20 years.
Year Reference Approach Reactor Reactor Main features Validation
model type
2025  Greco-Coppi et al. 1.5D Carb CFB Improved hydrodynamic parameters; online Pilot data: 300 kWy, (Reitz et al. (2016)).
(2024d), Greco-Coppi prediction of sorbent activity (validated);
et al. (2025a) validation with > 60 operating points (pilot).
2025 Greco-Coppi et al. 1.5D Calc CFB,BFB Non-homogeneous CO, concentration; simple yet  Pilot data: 300 kWy, (Reitz et al. (2016)) and
(2025b) precise model. 1 MWy, Strohle et al. (2020).
2024 Spyroglou et al. (2024) 1.5D Calc EF CGM wy/intraparticle diffusion; radiation and Drop tube reactor (10.5 kW,) (Fernandez
convection from internal walls. et al. (2019)).
2024  Hejazi and Montagnaro  Process - CFB Active time approach, considers sorbent sintering.  Pilot data (Hornberger et al. (2020)).
(2024)
2024  Secomandi et al. (2024) 1.5D Carb CFB Use of Ca(OH); to increase Ec,p. Models vertical Pilot data: 2 MWy, (Arias et al. (2018)). Use
temperature profile. of CaOH, could not be validated.
2024  Tizfahm et al. (2024) 1.5D Carb CFB Fractal-like RPM; Reactor model based on Only kinetics, using a lab-scale FB.
Lasheras et al. (2011); Considers influence of SO,.
2021 Sattari et al. (2021) 1.5D Carb CFB Ca0/Al,03 as sorbent; Considers diffusion phase Pilot data (Charitos et al. (2010); Dieter
of carbonation. et al. (2014)). Partly overpredicted Ecarp.
2021 Ritvanen et al. (2021) 1D Coupled CFB Considered hydrodynamic solid profiles and flows  Pilot data from Fuchs et al. (2020)
system between reactors; thermal capacities,
temperature-dependent decomposition model
2018 Martinez et al. (2018) Process - CFB Calciner under O,-rich atmosphere and sorbent -
reactivation.
2018 Turrado et al. (2018) PFM Carb DT EF carbonator for fine particles. Drop tube reactor (24.5 kW,). Results
showed high dispersion.
2018  Spinelli et al. (2018) 1D Carb EF EF carbonator, for cement applications. -
2017 Parkkinen et al. (2017) 3D Calc CFB High CO, concentration at calciner inlet. Pilot data: 2 MWy, (Arias et al. (2018)).
2015 Atsonios et al. (2015b) 1.5D; 3D; Calc, carb CFB CFD model coupled with 1.D and process Pilot data: 200 kWy, (Dieter et al. (2014)).
Process modeling.
2013 Martinez et al. (2013b) 0D Calc CFB CSTR; homogeneous CO, concentration. -
2013 Fernandez et al. (2012); 1D Ref.-Carb. Packed 1D, plug flow with mass and thermal axial Experimental data at different TRL including
(2014) and ((2015)) reactor Bed dispersion, ideal gas, constant void fraction and TRL 7 1MWy, (Diez-Martin et al. (2018);
Oxidation perfect mixing of solids in bed with uniform Grasa et al. (2023); Fernandez et al. (2025))
reactor. particle size.
Reduction
reactor
2012  Romano (2012) 1.5D Carb CFB CSTR; homogeneous temperature; considers Pilot data. In part, the model overpredicted
influence of SO,. Ecarb-
2011 Charitos et al. (2011) 0D Carb CFB Introduced the "active time approach". Pilot data.
2011 Lasheras et al. (2011) 1.5D Carb CFB CSTR; homogeneous temperature. -

Abbreviations. BFB: Bubbling fluidized bed; Calc: Calciner; Carb: Carbonator; CFB: Circulating fluidized bed; CGM: Changing grain model; CSTR: Ideal continuous
stirred-tank reactor operation; DT: Drop tube reactor; E.,p,: carbonator efficiency; EF: Entrained flow reactor; FB:Fluidized bed; PFM: Plug flow model; RPM: Random
pore model.

threshold (e.g., Sun et al., 2008), with more evidence available for the
former. The main literature on the topic is summarized in Fig. 18. Most
carbonator models utilize the kinetics from Bhatia and Perlmutter
(1983), which do not include the influence of the temperature (T) on
the reaction rate. Notably, Scaltsoyiannes et al. (2021) developed a
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model based on a large amount of experimental data, including various
operating conditions (pcoz, T) and four different materials that con-

Fedunik-Hofman et al. (2019) performed a systematic review on
particle models for carbonation of CaO particles. One of the main models

T =600 °C T =650 °C T =1700°C
AO
- O
5 1 1F
OA AO
©) oh O
A A OA — Bhatia & Perlmutter
O &L A o Grasa et al.
.0 oA 1 0 1F O .
A OA A A Scaltsoyiannes et al.
N OA AX X X X X X X X x Sun et al.
o x X X X X X X X X 2
5 i@éxxxxxxxx. X a it O
X % &0 A
XAO (o) AO
XAO A
(o) O
0 10 20 30 0 10 20 30 0 10 20 30

Driving force: pco2 — Pcozeq (kPa)

Fig. 18. Comparison of published work carbonation kinetics considering the initial reaction rate per unit surface of a particle of CaO based on experimental data
(Bhatia and Perlmutter, 1983; Grasa et al., 2009; Scaltsoyiannes et al., 2021; Sun et al., 2008). The gray area indicates the range of experimental results obtained by
Bhatia and Perlmutter (1983). Unlike other studies, Sun et al. (2008) found that the first-order dependency of carbonation kinetics with CO,, partial pressure ends at
ca. 10 kPa. Adapted from Greco-Coppi et al. (2025a), licensed under CC BY 4.0.
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used to simulate the chemically controlled carbonation stage was
developed by Grasa et al. (2008). The main assumption of this model is
that the reaction rate decreases linearly with the reduction in maximum
capture capacity, which is explained by the fact that both variables
depend on the particle specific surface. The reduction of specific surface
and porosity due to sintering is generally considered the main factor for
sorbent deactivation (Agnew et al., 2000; Abanades and Alvarez, 2003).

The average activity of the sorbent in the CaL system is usually
calculated with the model of Rodriguez et al. (2010). This model re-
quires the input of a particle deactivation model as a function of the
number of calcination-carbonation cycles, which is generally obtained
using data from thermogravimetric analysis (TGA) (e.g., Grasa and
Abanades, 2006). However, some pilot results suggest that the resid-
ual activity of the sorbent after many calcination-carbonation cycles
may be lower than the one predicted by TGA tests (Greco-Coppi et al.,
2025a).

The hydrodynamics model and the simulation of CO5 conversion in
the reactor depend on the reactor type. For circulating fluidized bed
(CFB) carbonators, the model of Romano (2012) was one of the most
advanced at the time it was published, due to its acceptable accuracy,
the large number of input variables considered, and the relative
simplicity of the calculations, which enabled integration into process
models. However, this model overpredicts carbonator efficiency, espe-
cially for relevant operating conditions (Eca, > 60%). Recently,
Greco-Coppi et al. (2024d) demonstrated that imprecise assumptions in
the hydrodynamics model lead to inaccuracies in the prediction of Ec4p.
They provided guidelines to select hydrodynamics assumptions based on
a literature review of modeling and experimental investigations of flu-
idized beds, and introduced an improved model for fluidized bed car-
bonators based on the work of Romano (2012). Their model is divided
into a hydrodynamics sub-model (Greco-Coppi et al., 2024d) and a
particle and deactivation sub-model (Greco-Coppi et al., 2025a). It was
validated with results from pilot plant operations at the 300-kWy, scale.

Many recent carbonator models focus on novel Cal. approaches.
Spinelli et al. (2018) developed a model for an entrained flow carbo-
nator, suitable for cement applications, using a one-dimensional
approach, and Turrado et al. (2018) modelled a drop tube carbonator
using a simple plug flow model.

Recently, Secomandi et al. (2024) employed an 1.5D model to
simulate a CFB carbonator that uses Ca(OH), to increase carbonator
efficiency. They could perform a preliminary validation based on pre-
vious pilot tests that did not feature the Ca(OH), input.

4.1.2. Calciner models

The calciner model from Martinez et al. (2013b), which uses the
calcination kinetics obtained by Garcia-Labiano et al. (2002), has been
widely utilized for modeling oxy-fired fluidized bed calciners. It is a
simple model that assumes homogeneous CO, concentration in the
calciner but has not been validated with experimental data. Recently, it
was shown that this model failed to predict the performance of the
indirectly heated calciner in the 300-kWy, pilot plant at TU Darmstadt
(Hofmann, 2025). Based on the model of Martinez et al. (2013b);
Greco-Coppi et al. (2025b) developed an improved model that suc-
cessfully predicts empirical results from the 300-kWy, IHCaL pilot plant
(Reitz et al., 2016) and the oxy-fired CaL 1-MWy, pilot-scale facility
(Strohle et al., 2020), both at TU Darmstadt. This model has low
computational requirements and can be used to design calciners that
reach high calcination rates without excessively increasing heat demand
due to elevated operating temperatures. Additionally, Greco-Coppi et al.
(2025b) presented new guidelines for calciner design and assessment
based on two dimensionless numbers: (i) the calcination driving force
(DF), and (ii) the dimensionless active time (fact).

Analogous to carbonator models, recent calciner models have
expanded on previous work by adding advanced features corresponding
to novel CaL configurations. Parkkinen et al. (2017) developed a 3D
model of a CaL calciner operating with high O, concentrations at reactor
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inlet. They validated this model with data from La Pereda pilot plant
(Arias et al., 2018) and used the model to design a commercial-scale
calciner. Recently, Spyroglou et al. (2024) modeled an entrained flow
calciner for storage applications using solar energy. The model was
validated with experimental data from a 10.5-kW, reactor (Fernandez
et al., 2019).

4.1.3. SE-Cal models

The most developed among SE-CaL processes for gaseous fuel/pro-
cess streams is based on packed bed configuration under the so call Ca-
Cu process (and its different versions as for example CASOH process).
Initial modeling efforts were devoted to determining through basic mass
and energy balances the conceptual design of the overall Ca-Cu process
for Hy production from CH4 sorption-enhanced reforming. A basic
reactor model that assumed narrow reaction fronts, plug flow and
negligible axial dispersion, was used to describe the dynamic perfor-
mance of every stage of the process (Fernandez et al., 2012). More
rigorous reactor models were latterly developed to describe more pre-
cisely the dynamic profiles obtained during every stage of the Ca-Cu
process. These are basically 1D models in which a moderate axial
mass and heat dispersion are considered and mass and heat transfer
resistances between the gas and solid phases are neglected (Fernandez
et al., 2012). Adequate kinetic expressions for the gas-solid and cata-
lytic reactions occurring on every single stage were incorporated in the
reactor models (i.e., CaO carbonation, CH,4 steam reforming and WGS
during SER stage; Cu and Ni oxidation during oxidation stage; CuO
reduction and CaCOs calcination during sorbent regeneration stage).
The operability windows for each reaction stage were determined from
sensitivity analyses of the main operating parameters, and dedicated
experimental works served to validate the developed models at labora-
tory scale for the complete Ca-Cu cycle (Martinez et al., 2019). Such
models have demonstrated the ability to reproduce experimentally
observed temperature profiles, breakthrough curves, and gas composi-
tions under cyclic operation. Subsequently, the dynamic operation of the
overall Ca-Cu process was simulated assuming that the initial conditions
of each reaction stage were the result of the previous step, to define a
new operation strategy to minimize the number of reactors required and
increase the CO, capture efficiency and to avoid possible side reactions
(Fernandez and Abanades, 2017). As experimental programs progressed
from laboratory to pilot scale, modeling efforts shifted toward validation
and tuning against large-scale data (Martini et al., 2016; Fernandez
et al.,, 2025), and to evaluate the integration of Ca-Cu cycle with
different gaseous fuel streams (Fernandez et al., 2025; Mostafa et al.,
2023). Reactor models originally developed at small scale have been
adapted to describe non-ideal effects, including heat losses, axial
dispersion, and incomplete utilization of the bed. Recent TRL 7 dem-
onstrations of the CASOH process have provided a unique dataset for
validating these models under industrially relevant conditions, rein-
forcing their value as tools for process optimization and commercial
scale-up.

At the plant scale, the Ca—Cu and CASOH processes have been
extensively modelled using process simulation tools such as Aspen Plus
(Khallaghi et al., 2025). In these studies, each reactor stage is repre-
sented using a combination of equilibrium, stoichiometric, or kinetic
reactor models, along with dedicated heat-exchange blocks to account
for solid—gas thermal interactions. Process-level models enable full mass
and energy balances, comparison of alternative configurations (e.g.,
CASOH base versus enhanced concepts), and benchmarking against
conventional CO, capture technologies such as amine absorption. Re-
sults consistently show that CASOH can achieve CO; capture efficiencies
exceeding 95% while providing competitive or superior energy effi-
ciency compared to benchmark (Khallaghi et al., 2025).

Focusing on solid fuels, biomass steam sorption-enhanced gasifica-
tion (SEG), early modeling studies were based on thermodynamic
equilibrium or quasi-equilibrium approaches, often implemented using
Aspen Plus. In these models, gasification and CO: capture reactions were
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described using Gibbs free energy minimization or restricted equilib-
rium formulations, enabling rapid evaluation of system-level perfor-
mance and energy efficiency (Detchusananard et al., 2017; Martinez
et al., 2013a). Such process-level models were extensively applied for
parametric analyses to assess the influence of gasification temperature,
steam-to-carbon ratio and CaO-to-fuel ratio on syngas composition and
hydrogen yield. To overcome the limitations of equilibrium-based de-
scriptions, kinetic reactor models incorporating detailed reaction
mechanisms were subsequently developed. These models explicitly ac-
count for biomass pyrolysis, gas-solid gasification reactions, water—gas
shift, tar reforming, and CaO carbonation kinetics (Beirow et al., 2020;
Hafner et al., 2021). One-dimensional (1D) hydrodynamic-kinetic
models for bubbling and circulating fluidized beds were formulated to
resolve axial gradients in temperature, gas composition and solid con-
version while considering gas-solid contacting and sorbent deactivation
due to cyclic operation. Validation against pilot-scale SEG facilities
(=200 kWtn) demonstrated satisfactory agreement, highlighting the
critical role of gasification temperature and sorbent make-up rate on CO-
capture efficiency and syngas quality (Beirow et al., 2020). More recent
work has focused on coupled models representing both the gasifier and
calciner within dual fluidized bed SEG systems. One-dimensional dy-
namic models simultaneously describing the interconnected reactors
and solid circulation loops have been developed to investigate heat
integration, part-load operation and process controllability at industri-
ally relevant scales (Ritvanen et al., 2021). These coupled reactor
models enabled the conceptual design of industrial-scale SEG units
(=100 MWtn) for synthetic fuel production and allowed systematic
assessment of off-design performance and operational flexibility. Such
approaches effectively bridge laboratory-scale understanding and
techno-economic evaluation of SEG-based fuel pathways.

4.2. Chemical looping models

Modeling of chemical looping processes has evolved from simple
shrinking-core kinetics and 0D/1D reactor balances to multiscale
models that link detailed redox mechanisms with CFD/CFD-DEM and
dynamic process simulators for full plants. More sophisticated models at
reactor-scale supports the design and optimization of fluidized-bed and
packed-bed systems for different fuels. Over the last decade, research
has focused on detailed reaction mechanisms, multi-scale models,
rigorous validation against pilot plants, and advanced designs.

4.2.1. Models at the particle level

Sophisticated reactor simulations require reaction models at the
particle level. Early research focused on understanding fundamental
reaction mechanisms and developing suitable oxygen carriers. Thus,
substantial progress has been made in understanding oxygen carrier
kinetics in reactions involving a reducing gaseous agent (i.e., a fuel) and
the active solid metal oxide, as well as in oxidation with oxygen from air.
The unreacted shrinking core model (USCM) emerged as the predomi-
nant framework for describing gas-solid reactions in chemical looping
systems. Garcia-Labiano et al. (2004) established fundamental kinetic
models for copper-based oxygen carriers, determining reaction order
and activation energies for both reduction and oxidation phases. Then,
Readman et al. (2006) conducted pioneering work on NiO/NiAl,O4
oxygen carriers using in-situ powder X-ray diffraction and thermogra-
vimetric  experiments, elucidating  the  mechanisms  of
reduction-oxidation reactions. Recent work has moved from empirical
expressions to mechanistic and multi-step redox models. This is espe-
cially relevant for processes involving several conversion mechanisms
beyond the reduction and oxidation of the oxygen carrier.

The evaluation of the catalytic activity is of paramount importance in
processes based on hydrocarbons reforming, such as CLR. In CLR, it is
especially relevant the catalytic mechanism catalytic mechanism of the
active metal in the oxygen carrier for hydrocarbons reforming. Iliuta
et al. (2010) developed a comprehensive mathematical model
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incorporating both kinetics for the oxygen transference with the oxygen
carrier and catalytic activity in methane reforming. Ortiz et al. (2012)
determined that the catalytic activity of the oxygen carrier is lower than
that of SMR catalysts, and it increases with the reduction degree of NiO,
which changes during the oxygen transference process in the fuel
reactor. Recently, kinetics studies have been extended to other types of
fuels. De las Obras Loscertales et al. (2023) determined the kinetics of
relevant reactions in the conversion of ethanol in the presence of a
Ni-based oxygen carrier. Interestingly, the main mechanism converting
ethanol were dehydration and decomposition, with the last being cata-
lytically improved by the reduced Ni.

In the case of materials with oxygen uncoupling capability, the
determination of the kinetics of the decomposition of the metal oxide
releasing gaseous oxygen to the reaction environment should also be
addressed. For CuO, the equilibrium partial pressure of oxygen, which
varies significantly with temperature, was identified as a critical factor
affecting both oxygen uncoupling and the subsequent oxidation
(Adanez-Rubio et al., 2014). Also, a two-stage combustion sequence has
been identified: volatile combustion with solid Co304 followed by fixed
carbon combustion with gas-phase oxygen released from its decompo-
sition (Giile¢ and Okolie, 2025). This fact is related to the competition
between two parallel reactions during fuel conversion: gas-solid reaction
and oxygen uncoupling. Adanez-Rubio et al. (2012) and Mei et al.
(2015) identified the conditions at which each mechanism is domi-
nant, being the reacting temperature and the gas concentration the more
important ones.

For perovskites (mainly Ca-Mn-based), it has been identified both
gas-solid reaction and oxygen uncoupling mechanism being relevant for
the oxygen transference (Abad et al., 2019). Thus, dedicated kinetics for
the reduction, both gas-solid and oxygen uncoupling, and oxidation
reactions are relevant for modeling purposes, having been determined
and identifying thermochemical restrictions for the oxygen uptake or
release (Abad et al., 2015a). Liu et al. (2021a) derived the redox kinetics
for Ca-Mn-based perovskite, resolving separate regimes controlled by
surface reaction vs internal diffusion. This mechanism may be also
applied to mixed oxides with oxygen uncoupling capability, such as
CuMn, CuFe or MnTi (Mendiara et al., 2025).

Density functional theory (DFT) is a powerful tool to investigate the
reaction mechanism in gas-solid reactions. For example, DFT-based
microkinetic studies for CLOU identified the O: release/recombination
barriers and built a DFT-based kinetic model that replaces empirical
Arrhenius parameters, allowing prediction of equilibrium oxygen partial
pressure and rate as a function of the reacting temperature (Liu et al.,
2025). The oxygen non-stoichiometry, diffusion-controlled oxygen
release, and defect chemistry were identified as the basis for kinetic
modeling in CLOU.

4.2.2. Models at the reactor level

4.2.2.1. Model development. Reactor models integrate reaction kinetics
with the fluid dynamics of the reactors which in turn depend on the
reactor type, such as fluidized bed systems or packed beds. Thus, for
chemical looping systems based on interconnected fluidized beds, early
models used macroscopic based on empirical correlations for solids and
gas flows, as well as bubble size. Peltola et al. (2022) summarize
macroscopic models where fuel and air reactors are mostly represented
by 0D/1D models with plug flow or 1.5D models which includes some
dispersion between phases in a bubbling or circulating fluidized bed.
These models allow for a quick evaluation of the main design and
operating parameters relevant for the performance of the chemical
looping processes.

Alternatively, CFD provides a detailed description of the fluid dy-
namics in a fluidized bed reactor, which allows for a fine definition of
the reactor engineering, but at the cost of a great computational effort.
CFD models have shifted from purely hydrodynamic studies to
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kinetic-embedded models. Shao et al. (2021) review CFD studies on
CLC, noting progression from 2D isothermal models with single global
reaction to fully coupled 3D non-isothermal CFD with multiple reactions
and radiative heat transfer, although computational cost limits use in
plant-wide optimization. A cooperating work using macroscopic and
CFD models have been suggested as an optimal procedure in the
modeling tasks for the scale-up of the chemical looping technology
(Abad et al., 2026). Also, alternative approaches may be used to reduce
the computing effort of CFD models. A 3D CFD-DEM model of a 1-MW,
biomass fuel reactor resolves particle-scale motion and a simplified re-
action network (Graf et al., 2024). Interestingly, this CLG model treat
solids as discrete particles to capture bubble-particle clusters and mix-
ing, with coarse-graining to keep simulations tractable. This has
enabled, for example, accurate prediction of pressure profiles, carbon
conversion, oxygen carrier oxidation, and gas composition.

Recently, machine learning methods have also been implemented to
predict the behavior of the CLG process using existing experimental
results from CLG units (Sison et al., 2023). However, the use of these Al
methods should be considered with caution, as they may not reflect
aspects relevant to the process due to limitations in the selected base
data. For example, the authors identified temperature and
steam-to-biomass ratio as being the most relevant parameters affecting
the CLG performance, while experimental results showed that FR resi-
dence time and oxygen-to-fuel ratio are more relevant on the syngas
yield, while steam-to-biomass ratio was of lesser relevance (Condori
et al., 2024a).

Recent modeling efforts have emphasized full-reactor simulations
capturing both fuel and air reactors simultaneously. Often, the relevance
of the air reactor in the chemical looping performance has been un-
derstated, as the oxidation reaction is usually a quick process. However,
Reinking et al. (2021) highlighted the relevance of the air reactor per-
formance on the global chemical looping unit for the CLOU process, as
oxygen uncoupling mechanism is highly temperature-dependent. In
fact, the air reactor may limit the oxygen transference rate from air to
fuel under certain design and operating conditions, as it was the case for
Cu-based oxygen carriers (Abad et al., 2023). Coupling the reactors al-
lows for the evaluation of transient situations. Thus, recent extensions
include dynamic models emphasizing time-dependent solids inventory,
start-up/transients, and control-relevant formulations (Kataria et al.,
2024).

It is highly valuable to validate the developed models which are
intended to be used for design purposes. For CLG systems, Qi et al.
(2023) validated an Aspen Plus model for hydrogen production from
municipal solid waste using CuFe204 spinel oxygen carriers. Gogulancea
et al. (2023) and Abad et al. (2025a) validated CLG mathematical
models using experimental data from pilot plants, showing excellent
agreement for hydrogen and carbon monoxide behavior with pine forest
residues and wheat straw. Cold gas efficiency and syngas yield calcu-
lations confirmed model reliability for large-scale predictions. Also,
recent CFD simulations have achieved remarkable agreement with
experimental measurements. For example, validation efforts for CLOU
systems on a 200 kWy, dual fluidized bed captured basic trends in solids
circulation rates, pressure profiles, and particle velocities, enabling
design optimization (Reinking et al., 2021).

Regarding the design of chemical looping units, fluidized bed re-
actors remain the dominant configuration for large-scale applications.
Recent development of dual circulating fluidized bed (DCFB) systems
has shown superior performance compared to bubbling fluidized bed
(BFB) (Abad et al., 2018). Configuration optimization studies using a
three-dimensional multiphase particle-in-cell (MP-PIC) method was
used to understand the behavior of the full loop CLG unit, which is of
paramount relevance for the future design and scale-up of the technol-
ogy (Wang et al., 2025).

In interconnected fluidized bed systems, the hierarchy of models for
design purposes increases as follows: (i) macroscopic 1/1.5/2D models
for plant-wide mass/energy integration and CO: capture efficiency, (ii)
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compartment models for risers, bubbling beds, loop seals, and carbon
strippers, and (iii) CFD for critical sections (e.g. fuel reactor mixing, flow
in cyclones). For example, mathematical models have been used for a
basic design of the fuel and/or air reactors for CLC (Abad et al., 2015b),
CLR (las Obras Loscertales et al., 2025b), and CLG (Abad et al., 2026).
As stated above, packed beds are also a preferred option for imple-
menting chemical looping technologies, which can be suitable for
pressurized operation and combined to gas turbines (Noorman et al.,
2007). Conceptual models of fixed/packed-bed were developed
employing alternating oxidation-reduction periods. Early packed-bed
CLC/CLR models were typically 1D, adiabatic, axially dispersed
plug-flow formulations with global redox kinetics and simple effec-
tiveness factors for intra-particle diffusion (Fernandez and Alarcon,
2015). 1D CLR packed-bed models resolve radial dispersion when
needed and couple multiple reaction stages in cyclic operation (Qayyum
etal., 2023). However, dedicated 2D model are more suitable to capture
radial temperature gradients, revealing strong thermal fronts and
informing design of bed length and cycling strategy (Argyris, 2022).

4.2.2.2. Validation of reactor models. Validating a model is a key step in
gaining the necessary confidence in its use for the development of any
process, especially in the chemical looping technology since it is not a
commercial technology, it is in the process of scaling up and most of the
know-how has been obtained from experimental evidence.

Early validation works were performed validating macroscopic
models for the fuel reactor with lab-scale units (10-100 kW) for CLC of
gaseous fuels (Abad et al., 2010) and solid fuels (Abad et al., 2013).
More recently, Qi et al. (2023) validated an Aspen Plus model for
hydrogen production for CLG of municipal solid waste using CuFe204
spinel oxygen carriers. Gogulancea et al. (2023) and Abad et al. (2025a)
validated CLG macroscopic models using experimental data from pilot
plants, showing excellent agreement for hydrogen and carbon monoxide
behavior with pine forest residues and wheat straw. Also, recent CFD
simulations have achieved remarkable agreement with experimental
measurements. For example, validation efforts for CLOU systems on a
200-kWy, dual fluidized bed captured basic trends in solids circulation
rates, pressure profiles, and particle velocities, enabling design optimi-
zation (Reinking et al., 2021). Another validation work involving the
oxygen uncoupling capability of perovskite materials revealed the
relevance of reaction temperature on the fuel conversion mechanism at
the 120-kWy, scale (Abad et al., 2019).

As the TRL of the chemical looping technology increases, data be-
comes available for validating models on a larger scale. This is the case
of model validation works using data from the existing 1-MWy, chemical
looping unit at Darmstadt University of Technology. Thus, combustion
efficiency for CLC (Ohlemiiller et al., 2018) or cold gas efficiency and
syngas yield calculations for CLG (Graf et al., 2024) confirmed model
reliability for large-scale predictions.

The prediction of the behavior of the full loop, including the fuel and
air reactors, is also highly relevant in order to gain confidence on the
design of a chemical looping unit. In this sense, the validation of a CLC
model was done using results from the air and fuel reactors in a 120-
kW, plant at Vienna University of Technology with Cu- and Fe-based
materials. The validated model was able to identify possible causes of
the low fuel conversion achieved during the experimental campaign
with these highly reactive oxygen carriers, suggesting new approxima-
tions to achieve full fuel conversion, e.g. by modifying operating con-
ditions or reactor design (Abad et al., 2023). This methodology has been
also presented for the combustion (Gayan et al., 2013) and gasification
(Abad et al., 2026) of solid fuels.

In the case of models for packed bed reactors, the inclusion of any
relevant mechanism for the fuel conversion is of paramount importance
to properly predict the breakthrough curve. Also, temperature profiles,
due to heat generation/consumption during the fuel conversion, should
be properly predicted. For example, the SE-CLR process was modeled by
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Abbas et al. (2017). The 1D dynamic reactor model included detailed
kinetics for Ni-based redox behavior as well as catalytic reforming and
CaO carbonation. The model quantitatively captured the behavior of the
breakthrough curve in a fixed bed, and it was successfully used to
evaluate the potential of the SE-CLR process to produce Hy with
near-zero CO, emissions.

As an alternative to fixed-bed reactors, moving bed configurations
enable counter-current continuous operation between gas and solids,
avoiding the use of several out-of-phase reactors while achieving ther-
modynamically favorable conditions. The counter-current arrangement
allows maximum utilization of oxygen carrier capacity; for example, Fe-
based systems can achieve higher conversions than co-current fluidized
bed operations while maintaining product purity (Fan and Li, 2010).
Moving bed reactors for chemical looping hydrogen generation have
been validated using CFD-DEM simulations (Teng et al., 2024). This
study demonstrated that enhanced particle flux rates and reaction
temperatures substantially increase conversion efficiency, with CHy
conversion identified as the critical factor determining required bed
height for complete gas conversion.

4.2.2.3. Applications of the developed models. Mathematical models
have been used for determining suitable design parameters or optimal
operating conditions for the scale-up of the chemical looping technol-
ogy. Regarding the design of chemical looping units, fluidized bed re-
actors remain the dominant configuration for large-scale applications.
Recent development of dual circulating fluidized bed (DCFB) systems
has shown superior performance compared to bubbling fluidized bed
(BFB) (Abad et al., 2018). In interconnected fluidized bed systems, the
hierarchy of models for design purposes increases as follows: (i)
macroscopic 1/1.5/2D models for plant-wide mass/energy integration
and CO: capture efficiency, (ii) compartment models for risers, bubbling
beds, loop seals, and carbon strippers, and (iii) CFD for critical sections
(e.g. fuel reactor mixing, flow in cyclones). For example, mathematical
models have been used for a basic design of the fuel and/or air reactors
for CLC (Abad et al., 2015b), CLR (las Obras Loscertales et al., 2025b),
and CLG (Abad et al., 2026).

A joint modeling of the fuel and air reactors in a chemical looping
unit allows for the evaluation of the interaction between the reduction
and oxidation processes, which eventually affects fuel conversion. For
example, configuration optimization studies using a three-dimensional
multiphase particle-in-cell (MP-PIC) method was used to understand
the behavior of the full loop CLG unit, which is of paramount relevance
for the future design and scale-up of the technology (Wang et al., 2025).
In addition, coupling the reactors allows for the evaluation of transient
situations. Thus, recent extensions include dynamic models emphasizing
time-dependent solids inventory, start-up/transients, and
trol-relevant formulations (Kataria et al., 2024).

Pressurized systems based on fluidized bed reactors are challenging
due to air and fuel reactors should be operated at similar pressure values
and a proper management of the pressure fluctuations in the reactors
should be done. In addition, both reaction kinetics and fluid dynamics
are highly affected by the reactor pressure, which should be considered
for a proper design and operation of the reactor (Cabello et al., 2023a).

Fixed-bed concepts in chemical looping often use multiple parallel
beds operated in out-of-phase redox cycles, often modeled as adiabatic
1D beds with switching logic to provide quasi-continuous gas, heat or
power. For that, modeling of packed-bed has been often used for the
optimization of cycle times, also demonstrating the flexibility of chem-
ical looping processes to different fuels, extending the use of methane
(Argyris, 2022) to other fuels such as glycerol (Navarro et al., 2024). In
this regard, packed-bed CLC/CLR models are now integrated with
nonlinear model predictive control (NMPC) to optimize switching times
and inlet conditions in large-scale units in real time (Toffolo et al.,
2024). Thus, 1D/2D models inform bed length, cycle time, inlet tem-
perature, and pressure to maximize syngas or H yield while respecting

con-
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material constraints. Due to the dynamic nature of the fixed-bed oper-
ation, transient periods should be also modeled using dynamic models,
which has been identified as a critical step for the industrial scale-up of
this technology (Lucio and Ricardez-Sandoval, 2020).

Despite significant progress on chemical looping modeling, several
challenges remain, highlighting scale-up uncertainties and computa-
tional efficiency. While validated models exist for laboratory and pilot
scales, extrapolation to industrial scale requires improved understand-
ing of heterogeneous flow patterns and particle flow and segregation
effects. Also, full-reactor CFD simulations remain computationally
expensive, with typical simulations requiring tens/hundreds of hours for
some seconds of real-time behavior, limiting their utility for parametric
optimization studies.

4.3. Indirect gasification models

Computational fluid dynamics (CFD) has become the dominant
reactor-scale modeling approach for dual fluidized bed (DFB) gasifica-
tion systems. CFD methods provide detailed predictions of gas-solid
hydrodynamics, heat transfer, particle circulation, and reaction
behavior inside interconnected gasification and combustion reactors.
While the hydrodynamic, pyrolysis and gasification mechanisms are the
same as for chemical looping gasification, the bed-material particles
must not be considered as reactants. Because commercial-sized in-
stallations are available, many studies use frameworks in which data
from such plants can be used for validation. Therfore, the MP-PIC
approach is prominently featured (e.g. Sun et al., 2023a; Kraft et al.,
2017; Liu et al., 2015; Sun et al., 2023b; Liu et al., 2016; Sun et al.,
2024; Berg et al., 2023). Here the large amount of particles can be
computed in an acceptable time, although Graf et al. (2026) showed that
also full Euler-Lagrange is in range with GPU acceleration. With
increasing computing power, three dimensional semi empiric models
(Myohéanen et al., 2018) are only used in very few studies.

Kong et al. (2023) developed a CFD model for an 8 MW industrial
DFB gasifier incorporating COz absorption-enhanced reforming (AER),
showing a 76.67% reduction in CO2 mole fraction and a 54.58% increase
in Hz concentration compared with conventional operation. Luo et al.
(2019) presented a 3D full-loop CFD model capable of predicting solid
circulation rates, pressure distributions, and particle mixing behavior in
pilot-scale systems showing benefit of the EMMS drag model over
Gidaspow. Kraft et al. (2017) conducted CPFD simulations of an 8 MW
industrial-sized DFB steam gasification system, providing detailed pre-
dictions of particle mixing, solid circulation, and temperature distribu-
tions. The model was validated against operational data from the 8 MW
commercial plant in Giissing, Austria.

For process estimation models similar to chemical looping gasifica-
tion are used which couple hydrodynamic to the gasification and com-
bustion kinetics. Hejazi et al. (2017a, 2017b) developed and validated
kinetic models for steam gasification in DFB reactors using pilot-scale
experimental data. Their models incorporated char gasification,
methane reforming, and water-gas shift kinetics and achieved predic-
tion errors of 5-15% for major gas species.Lundberg et al. (2018)
investigated scale-up effects on char conversion and showed that larger
reactor sizes reduce conversion efficiency due to broader residence time
distributions and temperature non-uniformities. The study emphasized
the importance of optimizing solid circulation rates and cyclone sepa-
ration efficiency to maintain carbon conversion above 95%. In general
Aspen Plus is a widely adapted software for the modeling of indirect
gasification (e.g. Puig-Gamero et al., 2021; Aghaalikhani et al., 2019;
Yan et al., 2016; Alamia et al., 2016; Nicolucci et al., 2025; Rashidi et al.,
2025) especially when investigation whole value chains (Wan et al.,
2024; Del Grosso et al., 2020).

Tar formation and catalytic cracking were also major focuses of ki-
netic modeling. Aghaalikhani et al. (2019), used an Aspen Plus model of
the TU Wien 100 kW unit to show that gasification temperatures above
850°C combined with catalytic bed materials such as olivine or dolomite
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substantially reduced tar concentrations. Liu et al. (2026) investigated
the addition of limestone and olivine and demonstrated that catalytic
bed materials increased tar cracking rates up to a factor of 3 compared
with silica sand.

A comparatively new area of modeling is the modeling of dynamic
processes and Model predictive control for runtime plant optimization.
These studies recognize that commercial-scale operation requires robust
control strategies to maintain stable operation despite disturbances in
feedstock properties, load changes, and equipment variations. Stanger
et al. (2023b) present a dynamic model intended for use in
model-based control design. The model is built on mass and energy
balances to predict reactor temperatures in the gasification reactor and
combustion reactor, as well as product gas and flue gas mass flows, as a
function of manipulable inputs such as fuel, steam, and air flows. Where
first-principle modeling is impractical, i.e. the bed material circulation,
an artificial neural network is employed. The model was validated using
measurement data from a 100 kW pilot plant at TU Wien, with the
artificial neural network trained on data from three test runs. Applica-
tion of this model in a model predictive controller showe that the model
achieves errors of approximately 2 kg/h for the gas mass flows and
between 8-13°C for the reactor temperatures (Stanger et al., 2024b).
The authors conclude that the model reliably predicts plant behavior, is
transferable to other fuels and industrial-scale DFB plants via
re-estimation of parameters, and is suitable as a foundation for imple-
menting multi-variable model predictive control (Stanger et al., 2024a).

5. Process assessment

To evaluate the potential of HTSL processes for their future deploy-
ment, the technical suitability should be proven, as described in the
above sections. Furthermore, techno-economic analysis (TEA) and life
cycle assessment (LCA) are highly relevant to compare economic and
energetic costs as well as environmental benefits/concerns with the
performance of alternative options, both commercial and under devel-
opment. These assessments are based on mass and energy balances of the
processes, which generally rely on detailed reactor models to improve
accuracy. For TEA, the operating costs, as well as the investments, are
computed for the estimated lifetime of the plants. LCAs consider only the
environmentally relevant flows in the mass balances to quantify the
environmental impact of the processes.

The assessment of HTSL processes is discussed in the present chapter,
considering various industrial sectors: power generation (Section 5.1),
waste incineration (Section 5.2), lime and cement production (Section
5.3), steel manufacture (Section 5.4), and production of chemicals and
fuels from syngas (Section 5.5).

5.1. Power generation

As discussed in Section 3.3.1, numerous continuous CLC units
ranging from several kWy, to a few MW:tn have demonstrated stable
operation, high-efficiency fuel conversion, and effective inherent CO5
capture. In particular, the successful operation of the 5-MW:n auto-
thermal CLC unit within the CHEERS project demonstrates that CLC can
operate under industrially relevant conditions, indicating readiness for
system-level demonstration and an approach to TRL 7 (Li et al., 2025b).
As stated in the previous sections, the fundamental advantage of CLC lies
in its inherent CO, capture capability, which avoids the energy-intensive
gas—gas separation steps, such as amine scrubbing or air separation,
typically required in conventional carbon capture systems. This feature
provides a potential pathway toward high-efficiency power generation
with reduced CO, avoidance costs. Nevertheless, the techno-economic
viability of CLC is inherently multifaceted and has strong dependence
on reactor and system configuration, oxygen carrier (OC) performance,
fuel characteristics, regional policy and market conditions.

When assessed against conventional power plants without carbon
capture, which are commonly used as reference systems to quantify the
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energy and efficiency penalties associated with CO, mitigation, CLC
systems may exhibit higher system complexity and increased exergy
destruction, which can result in reduced net efficiency (Sayeed et al.,
2022; Surywanshi et al., 2024; Porrazzo et al., 2016). For instance,
Sayeed et al. (2022) reported that a 550-MW, coal-fired supercritical
power plant achieved a net efficiency of 37.88%, compared to 32.11%
when operated in CLC mode. This efficiency reduction is primarily
attributed to the energy demand for CO compression, which is absent in
conventional power plants without capture. However, CLC demon-
strates a clear advantage when compared with state-of-the-art CO5
capture systems by largely eliminating the substantial energy penalty
and costs associated with CO separation. This was recognized early on,
and has been the main driver for research in the past two decades
(Ekstrom et al., 2009; Lyngfelt and Leckner, 2015). Also, more recent
studies of the techno-economics of CLC using both fluidized-bed and
packed-bed configurations show that CLC outperforms conventional
power plants equipped with post-combustion CO; capture. For example,
natural-gas-fired CLC systems have been reported to achieve net effi-
ciencies of up to 55.6% and CO, avoidance costs (CAC) as low as 27.5
USD/tco2, which correspond to 50.6% and 42.9 USD/tcoz in conven-
tional NGCC with CCS (Ogidiama et al., 2018; Oh et al., 2021). In
coal-based applications, CLC is widely recognized as one of the most
sustainable carbon capture (Zhao et al., 2021; Sayeed et al., 2022).
Advanced system configurations may further enhance system perfor-
mance. Packed-bed CLC system combined with integrated gasification
combined cycle (IGCC) can achieve high techno-economic performance,
attaining net electric efficiencies of 41-51%, CO, capture efficiencies
above 95%, and CAC of 30-34 €/tcog, substantially outperforming
conventional supercritical pulverized coal and pre-combustion IGCC
power systems (Mancuso et al., 2017; Diglio et al., 2018). Multi-stage
reactor arrangements integrated with Brayton cycles further improve
techno-economic performance, increasing net efficiency from 25% to
over 37% and reducing levelized cost of electricity (LCOE) by nearly
50%, primarily through higher turbine inlet temperatures and elimina-
tion of external reactant preheating (Tregambi et al., 2021a). However,
increased system integration and complexity do not necessarily guar-
antee improved performance. Luo et al. (2018a) compared coal-direct
CLC (CD-CLC) and coal-gasification CLC (CG-CLC), finding that
CD-CLC achieved higher net power efficiency (48.45% vs. 38.53%), CO5
capture efficiency (98.0% vs. 82.4%), and exergy efficiency (49.2% vs.
39.3%). The inferior performance of CG-CLC was mainly attributed to
the additional energy penalties associated with oxygen production,
syngas decompression, and heat losses in the gasification subsystem.
Beyond the reactor and system configuration, fuel type and oxygen
carrier selection is also critical to the techno-economic viability of CLC
for power generation, with costs strongly influenced by regional
resource availability and market conditions. For example, Zhu et al.
(2018) reported that compared to copper-, and ilmenite-based oxygen
carriers, nickel-based systems offer the highest net efficiency (50.1%)
and lowest LCOE (71.7 €/MWh) among methane-fueled CLC plants, with
near-zero CO5 emissions, outperforming conventional NGCC plants with
post-combustion capture. For solid fuels, such as coal and biomass,
chemical looping with oxygen uncoupling (CLOU) enhances direct char
oxidation, and CLOU systems with oxygen carriers enabling O,
releasing, show competitive CO2 capture costs (73-87 €/t CO3) while
maintaining technical feasibility, provided oxygen carriers achieve
sufficient durability (~1,000 h) (Cabello et al., 2024a). Keller et al.
(2019) reported that biomass supply chain accounts for over 50% of
total CO5 sequestration costs for CLC with biomass in Japan. Further,
Haaf et al. (2020c) showed that co-firing negatively priced SRF can
improve economics, enabling LCOE comparable to conventional gen-
eration with net-negative emissions. The impact of the cost and dura-
bility of oxygen carriers highly depends on systems: hematite-based
carriers in coal-based CLC have negligible effect on LCOE (Sayeed et al.,
2022), whereas NiO-based carriers in gas-fired systems require high
durability to maintain economic advantage (Ogidiama et al., 2018;
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Porrazzo et al., 2016). Fuel price remains a dominant economic driver,
especially for natural gas CLC systems, while CLC of solid fuels with
low-cost ores depend more on minimizing capital costs than oxygen
carrier longevity.

Despite the clear techno-economic advantages of CLC, these systems
generally require supportive policy and market frameworks, such as
carbon pricing, CO, taxation, or targeted incentives, to achieve more
economic competitiveness under current market conditions. This is of
course the case for all capture technologies, not only CLC. Given the
substantial regional variation in policy environments, additional stra-
tegies are required to enhance CLC’s adaptability and commercial
attractiveness across different locations and market conditions. Poly-
generation and advanced system integration represent a strategic
pathway to improve the commercial competitiveness of CLC (Del Arnaiz
Pozo et al., 2024; Cabello et al., 2022a; Zare et al., 2024; Pankhedkar
et al., 2024). These integrated schemes enhance operational flexibility
by enabling dynamic allocation of output among electricity, heat, and
value-added products such as hydrogen, methanol, ethylene, or
high-purity CO,, depending on regional market demand, for example,
through CO; utilization in horticultural greenhouse enrichment. More-
over, integration with processes such as plastic waste gasification or
solar-assisted CLC integrated with absorption cooling in hot regions
significantly enhances overall resource efficiency, with some
poly-generation configurations achieving thermal efficiencies of up to
77% (Zare et al., 2024; Ogidiama et al., 2018). Another option, currently
being explored in Europe, is the possibility to use a flexible CLC
power-generation system. Taking advantage of the fact that CLC has
clear similarities to normal CFBs, proposals to design a system which can
be operated as either a normal CFB or as a CLC reactor with or without
carbon capture have been proposed (Lyngfelt et al., 2022b). Such a
system would limit the economic and technical risk for stakeholders,
meaning that it could be deployed in current market conditions (Stanicic
et al., 2025). Collectively, these strategies position CLC as a flexible and
multifunctional platform for sustainable energy and industrial applica-
tions, reducing energy and capital penalties and enhancing its com-
mercial competitiveness under diverse carbon pricing regimes and
market demands.

In spite of the shift of CaL and IHCaL investigations toward industrial
applications such as cement production (see Section 5.3) and waste
incineration (see Section 5.2), some studies have considered them for
decarbonizing power plants. For example, Junk et al. (2016a) calculated
CAC of 22.6 €5916/tcoz for a hard coal power plant retrofitted with an
IHCaL process, without including costs for compression, conditioning,
transport, or storage. Recently, Gao et al. (2025) introduced a hybrid
CaL. with CLC for coal power plants, which does not require an air
separation unit for the combustion in the calciner. Instead, oxygen is
obtained using a metal energy carrier in an air reactor. The
oxygen-depleted air at high temperature is used in turbine to generate
power and recover energy. They obtained CAC = 36.1 $2024/tco2 for this
solution, which was lower than the value for the traditional CaL using
pure oxygen (48.1 $2024/tco2).

An important consideration for modern power plants is the
enhancement of operational flexibility. To address this challenge,
several process configurations have been proposed that incorporate
solid and energy storage systems into CaL-based schemes for the treat-
ment of flue gases from power generation facilities (Hanak et al., 2016;
Astolfi et al., 2019; Cormos, 2020; Arias et al., 2020; Cormos et al., 2021;
Criado et al., 2022). This integration enables decoupling of the carbo-
nator and calciner loads, reducing the thermal capacity requirements of
the calciner and improving overall economics, with reported reductions
in LCOE and CCA of up to 6.6% and 25.5%, respectively, compared with
reference cases without storage (Astolfi et al., 2019).

5.2. Waste-to-energy facilities

In general, the costs for capturing CO3 from waste incineration plants
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and waste-to-energy (WtE) facilities are higher than for other applica-
tions, such as cement production facilities, due to the lower CO, flow
rates, which negatively impact the economy of scale (Greco-Coppi et al.,
2026b). On a recent review of CO; capture, utilization, and storage for
waste-to-energy plants, Acampora et al. (2025) identified CaL as the
technology with lowest CAC, compared to other capture processes,
including amine scrubbing and membrane separation. Haaf et al.
(2020a) calculated the costs of capturing CO5 from a WtE plant using
both CaL and monoethanolamine (MEA) scrubbing. They reported ca.
120 €2017/tco2,av for the tail-end CaL process, compared to over 280
€2017/tco2,av for MEA scrubbing.

Lately, studies have compared the utilization of CO, from WtE-plant
for methanol production (CCU route) to capturing CO,, transporting it,
and storing it in geological sites (CCS route). Hofmann et al. (2021)
compared the option of producing methanol and capturing CO, using
CalL in a generic 60 kWy, WtE plant and reported CAC > 70 €2018/tco2,av
for the capture and storage option, without including costs for transport
and storage. If methanol from CO, is produced using Hy from an elec-
trolyzer, competitive prices can be achieved only for very favorable
scenarios with low energy costs and high CO5 taxes. Similar results were
reported by Greco-Coppi et al. (2024a), who showed that the CCU route,
in which methanol is produced from green hydrogen and captured COs,
is only competitive for very low electricity prices of under 25
€2023/MWh. For other scenarios, capturing, transporting, and storing
CO, is the most economically viable option. Thereby, the cost for
transport and storage are important drivers of the total costs.

Strohle (2023) suggested that chemical looping combustion (CLC)
may be competitive against post-combustion CO, capture technologies
for carbon capture from waste incineration plants and reported CAC
lower than 90 €/tco2,av (Mohn et al., 2022). However, these results were
identified as preliminary. To date, no detailed techno-economic analysis
of CLC for waste incineration facilities has been performed. One of the
main challenges of applying this technology in waste treatment is that it
is only suitable for completely new projects, not being possible to retrofit
existing facilities. Furthermore, there are additional limitations that
need to be addressed before commercializing CLC for waste incinera-
tion, due to the particular nature of the feedstock featuring more im-
purities and higher variability than conventional fuels. These include
incomplete fuel conversion, deactivation of oxygen carrier due to
interaction with waste ash, and limited understanding of the influence of
phosphorus on the oxygen carrier activity (Yaqub et al., 2023).

Recently, Greco-Coppi et al. (2026b) introduced a novel concept for
integrating the CaL process into existing waste incineration plants. This
novel concept burns pretreated waste in the calciner using pure oxygen,
a viable approach that was demonstrated through pilot operations in the
1-MWy, plant at TU Darmstadt by Haaf et al. (2020d). The integration is
realized through replacing one existing incineration line, which has
reached the end of its operating life, with a CaL unit. The incineration
capacity of the entire facility is kept—or even expanded—through the
calciner, which acts as an additional oxy-fired incinerator. The eco-
nomics of the process were compared with the standard back-end ret-
rofitting CaL concept (tail-end). The costs of the tail-end configuration
were in agreement with those previously reported by Haaf et al. (2020a).
The CAC of the novel, integrated concept were 27 €2024/tco2,av
(Greco-Coppi et al., 2026b), —including compression and conditioning
but excluding transport and storage—, which is well below current CO,
prices within the European Trading System (ETS) of the European
Union. This represents the lowest cost for CO, capture from waste
incineration and waste-to-energy plants reported in the literature to date
(Greco-Coppi et al., 2026a).

5.3. Lime and cement production
Among the HTSL processes, both the oxy-fired carbonate looping

(CaL) and the indirectly heated carbonate looping (IHCaL) have been
studied for CO5 capture from cement plants. The IHCaL process has also
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been proposed for lime plants since it allows for cleaner spent sorbent
that, unlike in the oxy-fired CaL, is not contaminated by fuel ash
(Greco-Coppi et al., 2021a).

Santos and Hanak (2022) reviewed the costs and energy re-
quirements of different CO5 capture technologies for various industrial
applications, including the cement industry. They concluded that CaL
and oxy-combustion show the best economic and energy-efficiency in-
dicators. They reported that the mean CAC in the literature were 43
€/tco2,av for Cal and 40 €/tcoo,av for oxy-combustion. They indicated
that oxyfuel slightly outperforms CaL in terms of Specific Primary En-
ergy Consumption (SPECCA), with a mean of 1.7 MJ/kgcoz versus a
mean of 2.2 MJ/kgcoz for CaL. Yang et al. (2021) combined a literature
review with own calculations to assess different technologies to reduce
CO, emissions in cement plants. They reported that CaL performed
better than other technologies when combined with the use of biomass
to obtain the energy for the calciner.

Gardarsdottir et al. (2019) compared various CO5 capture technol-
ogies for cement plants: MEA scrubbing, oxyfuel, Chilled Ammonia
Process (CAP), membrane separation, and two CaL configurations. They
reported that, after oxyfuel (42 €2014/tcoz,av), CaL had the lowest CAC,
with 52 €2014/tcoz,av for a tail-end configuration and 58 €5914/tco2,av for
an integrated concept, in which the pre-calciner of the cement plant is
combined with the CaL calciner. These values were similar to those re-
ported by Lena et al. (2019) and Cormos (2020). The results were
strongly dependent on electricity prices, with higher prices favoring the
tail-end CaL concept due to net CO, power generation. The CaL concepts
performed better than the other processes in terms of CO5 emissions
abatement potential. Additionally, they showed specific primary energy
consumption (SPECCA) values of 3-4 MJ/kgco2, which were lower than
for MEA scrubbing (7.1 MJ/kgcoz) but higher than for oxy-combustion
(1.6 MJ/kgcoz) (Voldsund et al., 2019). In contrast, Rolfe et al. (2018)
reported that CaL had lower SPECCA (2.4 MJ/kgco2) than oxyfuel (3.3
MJ/kgco2) for capturing CO, from a cement plant, and indicated that
CaL exhibited a lesser environmental impact. The latter observation was
associated with the power generation from the recovered heat. Cormos
(2022) presented higher costs for CaL in cement production. However,
some of their assumptions were unfavorable for Cal: low carbonator
operating temperatures (550-625°C), and high calciner temperatures
(850-980°C).

In general, Cal is regarded as one of the most promising CO5 capture
technologies for cement plants in terms of low energy consumption and
potential for achieving competitive costs. It performs similarly to oxy-
fuel with better indicators for assumptions that give increased value to
electricity (e.g., higher electricity prices, higher specific CO, emissions
from the grid). This dependance on selected assumptions, as well as the
different scales of each study, may explain the different values found
throughout the literature.

Greco-Coppi et al. (2023b) evaluated the tail-end IHCaL concept for
decarbonizing a German lime plant. They calculated the energy per-
formance for different fuels and various energy scenarios. The process
performed better for scenarios corresponding to coal and nuclear power
plants. For the scenario Energy mix (2015) EU-28 non-CHP, the SPECCA
values were around 3 MJ/kgco2 using lignite in the calciner, and
approximately 2 MJ/kgcoo with waste-derived fuels. With a fully inte-
grated concept, even lower SPECCA were achieved (Greco-Coppi et al.,
2024a). Additionally, waste-derived fuels enabled negative CO, emis-
sions for every scenario (Greco-Coppi et al., 2023b). For lime plants, the
CAC were lower than 25 €2020/tco2,av using solid recovered fuel to fire
the calciner (Greco-Coppi et al., 2024c¢).

Rezvani et al. (2025) applied two IHCaL concepts into a cement plant
for CO, capture. They reported CAC = 38 €2020/tco2,av for the tail-end
concept, and CAC = 30 €2920/tcoz,av for the integrated concept, in
which the pre-calciner and the CalL are merged into a single component.
In a similar study, Yin et al. (2024) reported CAC = 59 A$2023/tcoz,av =~
34 €2023/tco2,av, for a cement plant retrofitted with a tail-end IHCaL
process.
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In general, the IHCaL process presents low CAC for both lime and
cement applications, compared to other CO5 capture technologies. The
absolute investment costs are higher than for oxy-fired CalL in tail-end
applications but are compensated for by the additional production of
spent sorbent, which reduces the specific costs. Initial results indicate
that the utilization of spent sorbent from IHCal operation may be
possible, but further experimental work is required to demonstrate this
(Greco-Coppi et al., 2024b).

One important challenge to integrate CaL and IHCaL into lime and
cement plants is the high CO, flow rate, which yields elevated fuel re-
quirements (Greco-Coppi et al., 2021a). Additionally, CaL and IHCaL
facilities have high CAPEX compared to other post-combustion tech-
nologies. Finally, the cost figures presented in the literature depend on
energy prices, and the viability of the capture projects is contingent to
high CO, taxes. Both variables have shown high volatility over the past
decade, and it is difficult to predict their evolution over the next 20
years.

5.4. Steel production

Generally, steel is produced through three main routes: blast furna-
ce-basic oxygen furnace (BF-BOF), scrap-based electric arc furnace
(EAF), and direct reduced iron-electric arc furnace (DRI-EAF) (Perpinan
et al., 2023). The most common primary production route (from the
reduction of iron ore) is the BF-BOF that accounts for 72% of global steel
production and represents approximately 90% of the primary produc-
tion. EAF has undergone a great development in the last decade ac-
counting for 28% global crude steel production in 2019, including
approximately 140 Mt crude steel produced by the DRI-EAF (IEA,
2020a).

Focusing on the most common production route, BF-BOF, there are
multiple point sources of CO along the steel plant with varied off-gases
composition, where conventional post-combustion carbonate looping
(CaL) process schemes have been proposed as an alternative for decar-
bonization. Cormos (2016) presented a technoeconomic analysis
comparing the performance of CaL and chemical gas-liquid absorption
(amines based) as post-combustion CO; capture technologies integrated
in a steel-mill. Two alternatives were evaluated for the CaL system: the
decarbonization of the gases from the host plant (that uses BF gas and
BOF gas), and the decarbonization of the gases from the host plant
together with the gases from the rest of the CO5 sources in the steel-mill.
The results indicated better performance for the CaL system in terms of
lower specific CO5 emissions—in kg of CO4 per tonne of hot rolled coil
(HRC)—and lower specific investment cost compared with amine-based
technologies. Tian et al. (2018) proposed the integration of the spent
material from the post-combustion Cal into the BF, further reducing the
emissions associated with lime production.

The direct integration of CaL with the off gas from the blast furnace
(BFG), has been recently proposed within the CASOH process
(Fernandez et al., 2020). The process has been designed to operate in
packed bed reactors operating in parallel, where BFG and steam are
introduced together during the main process stage (CASOH stage).
During the CASOH stage, the sorption-enhanced WGS (SE-WGS) takes
place, and a Hy/Nj rich stream is produced while decarbonizing BFG.
The process has been scaled-up to TRL 7 (see Section 3.2.3 for details)
and operation strategies have been proposed to overcome the typical
decay in activity of natural based CO; sorbents (Diaz et al., 2023).. The
techno-economics of the process have been recently evaluated, and an
enhanced version of the CASOH (CASOH-E), where low steam pressure
is used in the system to calcine CaCOs while producing a highly
concentrated CO, stream, was proposed (Khallaghi et al., 2025). This
was the most favorable alternative in terms of SPECCA, compared with
MDEA or conventional CASOH. If the hydrogen-rich stream produced in
the CASOH-E is used to meet the energy demand of the regeneration
stage, this results in lower specific emissions and better cold gas effi-
ciency (29.8 kgCO2/GJray and 76% respectively).
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Carbone et al. (2023) proposed alternative schemes based on inter-
connected fluidized bed reactors where the spent purge from the system
was used to meet the CaO needs from the BF and/or BOF. In their study,
a CaL scheme for the DRI-EAF route was also considered to capture CO5
from both the reformer and the EAF furnace. However, this study did not
address the additional challenge of capturing CO, from the fluctuating
flue gas streams from the EAFs. In this regard, the use of solid storage has
also been proposed for COy capture. Configurations incorporating in-
termediate solids storage offer operational advantages, such as
enhanced process stability. Under these conditions, specific fuel con-
sumption as low as 5.85 MJ per kg of CO; captured has been reported,
with capture efficiencies of around 91% for EAF off-gas
(Montiel-Bohorquez et al., 2025).

5.5. Syngas, fuels, and chemicals production

Among HTSL technologies, chemical looping gasification (CLG) and
chemical looping reforming (CLR) are specifically designed to partially
oxidize a solid, liquid, or gaseous fuel, producing a high-quality and non-
diluted syngas stream suitable for the production of synthetic fuels or
chemicals. Downstream processing allows for the production of
hydrogen by capturing CO,. These processes may be intensified by
taking advantage of the sorption-enhanced concept (SE-CLG or SE-CLR),
producing separated concentrated hydrogen and nearly pure CO:
streams. Carbonate looping (CaL) in this context usually refers either to
CO4, capture from syngas (Zhang et al., 2022) or to integrated SER/SEG
schemes providing high-purity Hy and a CO stream.

Most TEA and LCA studies consider circulating fluidized-bed (CFB)
systems. Fixed- and packed-bed CLR configurations have also been
analyzed for decentralized or pressurized hydrogen production, espe-
cially at small scales where simpler solids handling is attractive (Bock
et al., 2021). Early studies showed the potential of these technologies
in reducing CO, emissions and Hy costs from fossil fuels (Nazir et al.,
2018), but recent studies mostly consider biogenic or waste materials.
Table 6 shows the main KPIs achieved with different HTSL configura-
tions to produce syngas or hydrogen. Although commercial deployment
remains limited to pre-commercial demonstration projects, recent TEA
studies conclude that CL-based hydrogen and BECCUS concepts can
meet or undercut projected cost targets for low-carbon hydrogen when
carbon prices exceed moderate thresholds. In general, the captured CO,
should be considered as a valuable product in the BECCUS concept,
highly relevant both for TEA (Cabello et al., 2024a) and LCA (Navajas
et al., 2022). In addition, in CLG or CLR process a concentrated Ny
stream is also obtained, which may be also considered as a valuable
product from a TEA perspective.

Recent work on techno-economic analysis (TEA) and life cycle
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assessment (LCA) for the HTSL processes for syngas production are
showing competitive costs with strong integration potential with bio-
fuels -mainly biomass- and downstream fuel or chemical synthesis or
hydrogen generation after WGS and CO. separation. It has been high-
lighted the flexibility of these processes for the production of different
synthetic fuels, as syngas H2/CO ratios between 1-3 can be achieved.

Indirect gasification allows the generation of high-quality syngas
from biomass which may be used to produce synthetic fuel or hydrogen.
For example, syngas is suitable for the production of ethanol at a cost of
126 $/MWh (Dutta et al., 2014). If hydrogen is the desired product, a
CO, separation step should be implemented to the syngas, although high
CO; emissions are still generated as most COy is produced in the
combustor (Gubin et al., 2024). Hydrogen costs in the 4-7 €/kg interval
have been reported.

CO, emissions are avoided in the chemical looping or carbonate
looping concepts. The biomass-to-liquid (BtL) route utilizing CLG has
shown promising results. Several EU projects have explored integration
of CLG syngas with synthetic fuel production. For example, CLARA
project intended the production of sustainable aviation fuel (SAF) via
Fischer-Tropsch (FT) synthesis (Gogulancea et al., 2023). The full chain
from biomass pretreatment to biofuel synthesis was demonstrated
through 1 MWt CLG, syngas cleaning, FT synthesis, and hydrocracking
of FT wax, targeting low-carbon liquid biofuels. Specific production
costs ranging between €120 and €140 per MWh for FT syncrude were
estimated, but it could be as low as 60-80 per MWh if CO; credits are
included. Major costs are related to capital, feedstock and O&M costs;
however, the differential cost of the oxygen carrier has been identified of
low relevance for low-cost or highly durable materials. The breakeven
specific production (BESP) for FT crude using pine forest residues is
€0.82 per liter, while wheat straw achieves €0.78 per liter (Kumar et al.,
2022a). The ongoing Bio-MeGaFuel project (https://www.bio
megafuelproject.eu/) is focused on the methanol production inte-
grating CLG of bio-based fuels with a dedicated membrane reactor.

These processes have been also evaluated for low-carbon hydrogen
production. Integration with carbon capture and renewable energy
systems represents an important pathway for future development. CLR
systems has been combined with fuel cells and gas turbines, achieving
overall efficiencies and Hy yields superior to conventional SMR-based
systems with separate CO; capture. CLR in combination with CO: cap-
ture processes result in high Hj yields of 70-90% and levelized hydrogen
costs in optimized concepts in the range of about 4 $/kg, being about 2
$/kg when carbon pricing is considered, which is considerably lower
than the levelized cost of electrolytic hydrogen (~5-10 $/kg). Also, TEA
shows competitiveness of the CLR process, compared to other alterna-
tives, improves when co-production of hydrogen, syngas and electricity
is considered (Rai et al., 2022). Results forecast a levelized hydrogen

Table 6
Indicative performance ranges in recent TEA/LCA-oriented studies for syngas/H, production.
Process Typical feed Main solid Syngas/H. characteristics Inherent CO2 capture Costs References
(s)
Indirect Biomass Olivine Cold gas efficiency: 70-80% Ethanol: 0.74 $5025/L (126 Dutta et al. (2014), Gubin
gasification Syngas H2/CO ~1.5-3 $2025/MWh) et al. (2024)
Hydrogen: 4-7 €/kg
CLG Biomass, Fe-based Cold gas efficiency 70-80% 30-40% with downstream SAF: 120-140 €¢/MWh (60-80 Abad et al. (2026), Graf
wastes oC Syngas H2/CO ~ 1-1.5 CO,, separation MWh with CO, credit) et al. (2024), Kumar et al.
Up to 90-95% if shift is (2022b)
included
CLR Natural gas, Ni, Fe, Cu- Syngas yield 70-85% 30-40% with downstream Hydrogen: 4 $/kg (2 $/kg with Rai et al. (2022),
biogas based OC H2/CO from 1-3 depending on  separation of CO2 CO;, credits) Ramezani et al. (2023)
steam ratio Up to 80-95% if shift is Electricity H, turbines: 75-140
included $/MWh
SER / SE-CLR NG, biogas Ni-based 80-90 vol% Hz; very low CO/  295% via in situ carbonation Ramezani et al. (2023)
OC/ CaO CO2 and calciner regeneration
CaL-SEG Biomass CaO / Hz-rich gas (up to ~70-80 vol ~ Near-complete CO:z capture Hydrogen: similar cost to Luo et al. (2025), Kopsch
CaCOs %); H2/CO:2 separation with appropriate sorbent electrolytic Hy (decreased by et al. (2024)

simplified

makeup

35% with CO;, credit)
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costs around 3-4 $/kg, with co-product credits substantially improving
overall project economics. CLR coupled with combined cycle power
generation exhibits net electrical efficiency ranging between 40.0% and
43.4%, with levelized cost of electricity varying between $75.3 and
$144.8/MWh depending on fuel costs and contingency rates (Nazir
et al., 2018).

Carbonate looping has been demonstrated at the MWy, scale with
extensive long-term campaigns that validated sorbent management
strategies (Hilz et al., 2019; Arias et al., 2024). These results encouraged
the development of detailed engineering for the future scale-up to
multi-MW:n units, including operability studies of a 20-MWth demo unit
(Haaf et al., 2018). These studies provided detailed cost and risk data,
being also relevant for the sorption-enhanced concepts when the car-
bonate looping is coupled to gasification and reforming processes. Thus,
biomass-based SEG and SER concepts result in hydrogen production
costs similar to those for alkaline water electrolysis (levelized to ~3
$/kg), which may be decreased by 35% with a revenue for negative CO5
emissions of 60 $/t (Luo et al., 2025). In addition, heat storage or solar
assistance can reduce overall energy consumption by leveraging
high-temperature heat storage and achieve negative or near-zero net
CO:z emissions at hydrogen costs comparable to or slightly above
fossil-based CLR (Aragon-Garcia et al., 2025).

Systematic LCA work indicates that chemical looping hydrogen
routes generally provide substantial GHG reductions compared with
conventional SMR, especially when combined with biomass or biogenic
waste feedstocks reaching 75% reductions in CO3 emissions (Lee et al.,
2025). A recent cradle-to-gate LCA for hydrogen production technolo-
gies highlighted chemical looping options result in markedly lower
global warming impact per kg Hj relative to SMR without capture
(Osman et al.,, 2024). For biomass-to-Hy via chemical looping
(CLR/CLG) or calcium looping (SEG/SER), integrated TEA-LCA ana-
lyses find that carbon-negative operation is possible, with net removals
on the order of several kg CO2 per kg Hy when biogenic carbon is fully
captured and stored (Lundgren et al., 2025).

LCAs also emphasize that oxygen carrier and sorbent production
typically contribute only a modest share of life cycle GHG emissions and
costs when long solids lifetimes are achieved. Key environmental
trade-offs include higher particulate emissions or metal leaching risks if
solid wastes are poorly managed. Attrition, agglomeration, sintering,
and loss of capacity over many redox or carbonation-calcination cycles
increase makeup rates and costs. Solutions include development of
mechanically robust, low-cost Fe- or Mn-based carriers, tailored sup-
ports and optimized CaO stabilization strategies (Cormos, 2024).

Summarizing, recent TEA and LCA studies position chemical looping
as a strong candidate for low-carbon and negative-emission hydrogen
and syngas production, particularly in niche applications such as bio-
mass-to-liquids and integrated Hap/power cogeneration. Thermody-
namic analyses suggest that pressurized operation (10-30 bar) could
improve process economics by reducing compression requirements for
downstream applications, though this introduces additional engineering
challenges. For example, the hydrodynamics and reaction kinetics of
CLR under pressure are not well-understood.

For its deployment at industrial scale, several knowledge gaps must
be addressed to advance CLR and CLG to commercial demonstration
(TRL >7) despite significant progress. Data from continuous pilot plants
operating for >1000 hours is scarce. For CaL applied to hydrogen pro-
duction, i.e., sorption-enhanced-based processes, demonstration at the
MW:h scale, together with improved understanding of sorbent behavior,
supports the technical feasibility of scaling to commercial plants,
although long-term reliability data at industrial scale are still limited.
Moreover, more studies are needed on the evolution of oxygen carrier
properties (attrition, agglomeration, phase change) and reactor integrity
over extended periods in chemical looping. Developing scalable and
cheap synthesis routes for high-performance oxygen carriers is essential
for economic viability. For the process intensification, mostly when in-
tegrated with syngas use, dedicated and scalable pressurized pilot units
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are required.
6. Conclusions and outlook

Numerous high-temperature solid looping (HTSL) processes have been
developed and tested for various applications related to CO; capture,
which include separation of CO, from flue gases or syngas, combustion
with inherent CO; separation, and syngas generation with the potential
for downstream CO; separation or conversion. This section summarizes
the main conclusions for the individual processes and an outlook on
potential further developments.

Carbonate looping (CaL) for post-combustion CO capture from power
generation has a high potential to reduce the efficiency penalty and CO»
avoidance costs (CAC) compared to conventional scrubbing technolo-
gies. Oxyfuel-CaL was already demonstrated under industrially relevant
conditions at the megawatt scale more than a decade ago. Recently,
improvements in the CO5 capture efficiency have been achieved by
lowering the temperature and by adding Ca(OH), at the exit of the
carbonator. Concepts for improving the load flexibility of CaL by in-
termediate storage of the sorbent have been developed and tested.
Indirectly heated CaL can further improve efficiency and was tested at
pilot scale. However, the huge increase in production of renewable
electricity from solar and wind as well as the plans for abandoning
power generation from coal in many countries has reduced the interest
in post-combustion CO; capture from power plants in the last ten years,
which has so far hindered the further scale-up of the technology. Instead,
the focus has shifted to hard-to-abate industrial flue gases, such as those
from the lime and cement industry, steel production, and waste incin-
eration. The CAC of CaL for cement and waste-to-energy (WtE) facilities
are low compared to other capture processes. The lowest costs reported
in the literature for CO; capture from WtE plants correspond to a novel
integrated CaL process. Several CaL pilot tests have been conducted
under the conditions of these industries. However, industrial demon-
stration of CalL is still pending. Although the knowledge and modeling
tools for scale-up are at hand, the large investment costs for a com-
mercial CaL plant with integrated power generation represent a hurdle
for companies to invest in a first-of-its-kind plant.

Sorption-enhanced carbonate looping (SE-Cal) in a packed-bed
configuration has undergone rapid development over the past decade,
culminating in the construction of a 1-MWy, pilot plant. This facility has
successfully demonstrated the feasibility of decarbonizing blast furnace
gas (BFG) while simultaneously producing a hydrogen-rich gas stream.
A key factor enabling the fast scale-up of the technology is the use of
commercially available functional materials—natural limestone as the
CaO precursor and a Cu-based material to supply the heat required for
sorbent regeneration. Upcoming tests will focus on evaluating long-term
performance and stability, an essential step toward further scale-up and
industrial deployment. In parallel, new developments are exploring the
use of pressure-swing calcination to enhance overall process efficiency.
SE-CaL operated in interconnected fluidized bed reactors for the gasifi-
cation of solid biogenic fuels has now reached a significant scale of 1
MWj,. The technology offers substantial flexibility in both product-gas
composition and the range of acceptable feedstocks. However, a major
challenge for large-scale deployment remains the handling of residual
biomasses with high ash content, particularly those rich in alkali metals.
These ash components can interfere with proper fluidization, leading to
agglomeration and operational instability. This limitation is a common
barrier across most thermochemical conversion technologies processing
low-quality biogenic residues.

Chemical looping combustion (CLC) is a novel combustion technology
with inherent CO; capture, which enables highly efficient power and
heat generation at very low CO; avoidance costs. CLC of fossil fuels, such
as natural gas and coal, was demonstrated around a decade ago at 1-
MWy, scale. In the meantime, efforts have been made to improve fuel
conversion and capture efficiency by novel reactor design or advanced
oxygen carriers. However, low-cost oxygen carriers such as ores or
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industrial wastes are still most favorable for CLC of solid fuels. Like other
capture technologies, the focus of CLC has shifted from fossil fuels to
biomass and wastes, which impose challenges related to high volatile
release and ash impurities leading to agglomeration or fouling. Recently,
the operation of a 5-MWy, pilot plant has proven the scalability and
improved performance of CLC in an advanced reactor setup. As for CaL,
industrial demonstration of CLC is still pending, so far hindered by the
large investment costs for a commercial CLC plant with integrated
power generation.

Significant progress has been made in the development of chemical
looping gasification (CLG) over the last five years, involving extensive
laboratory operations and autothermal pilot-scale demonstrations of
biomass feedstocks at the megawatt scale. This builds on the develop-
ment of process control schemes that decouple heat from oxygen
transport. These schemes provide the necessary endothermic energy for
gasification, while also limiting feedstock conversion and maintaining
high cold gas efficiency. Other routes involving the supply of external
heat via solar or microwave heating are an alternative in the early stages
of development to solve this issue. Significant insight has been gained
into tar formation and agglomeration, as well as into their dependency
on feedstock and oxygen carriers. While woody biomass can be reliably
processed, farming residues and waste materials pose a challenge in
terms of agglomeration risk and process stability, issues that can be
addressed by additives and feedstock pre-treatment. Oxygen carrier
development has progressed in laboratory-scale units using low-cost
waste materials that demonstrate better tar reduction than natural
minerals, while autothermal pilot operation utilizes ilmenite, which is
readily available commercially, as bed material.

Chemical looping reforming (CLR) has evolved as a multifunctional
platform for highly efficient hydrogen and syngas production, drawing
from diverse feedstocks. The conversion of natural gas was demon-
strated at 140 kWy, scale using interconnected fluidized beds more than
a decade ago. During the last years, researchers explored the change
from fossil fuels to renewable and waste-derived feedstocks (e.g., biogas
and bio-oils) to enable net-negative CO, emissions, and the change from
fluidized to packed beds to benefit from pressurized operation. Also, the
oxygen carriers have moved from Ni-based materials to more environ-
mentally friendly materials such as Cu or Fe, or to special synthetic ones
to avoid carbon formation in the process. The sorption-enhanced CLR
variants offer a modular route to high-purity Hy and syngas with
intrinsic CO2 separation potential. The field has progressed strongly in
the last decade via improved perovskites, multifunctional OCs, and
sorption-enhanced schemes — yet scale-up hurdles (OC durability,
coking in long-term operation, manufacturing) must be resolved by
targeted materials engineering, pilot testing, and system-level valida-
tion. Further research is needed on scale-up, long-term carrier stability,
and retrofitting industrial systems. These represent key opportunities in
closing knowledge gaps for accelerating commercialization of CLR
technologies.

Indirect gasification, with thousands of hours of commercial opera-
tion, can be classified as TRL 8, with ongoing research and development
efforts focusing on optimizing operation rather than basic phenomena
and process parameters. Relevant developments that can easily be ret-
rofitted to existing units include switching to cheaper, albeit more
challenging, feedstocks such as residues and plastic waste, and enhanced
process control. For newly erected plants, the development of enhanced
reactor geometries is an option that will either reduce costs for smaller
installations or significantly enhance process efficiency through
improved gas-solid contact.

In general, HTSL processes involve relatively high investment costs
compared to alternative or state-of-the-art technologies with higher CO-
emissions. Therefore, larger-scale applications are particularly advan-
tageous due to economies of scale. The minimum plant size required for
economic viability depends on several factors, such as the type of
application, project lifetime, and energy prices.

Overall, it can be concluded that HTSL processes offer significant
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potential in reducing energy requirements and costs in comparison with
state-of-the-art technologies. The basic working principle of a dual flu-
idized bed has been proven at commercial scale, showing the potential
for fast scale-up of the technology. So far, the commercial adoption has
been hindered by the relatively high investment cost associated with
HTSL plants integrating efficient power or syngas generation. A further
hurdle is the lack of CO; infrastructure, which poses challenges related
to logistics, particularly in remote locations far from the sea. Hence,
regulatory measures are needed to promote investments in CO3 capture
facilities and the surrounding infrastructure.
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