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Preface

In the escalating battle against global warming, Carbon Capture, Utilization, and
Storage (CCUS) technologies have emerged as a beacon of hope. As industries and
nations alike strive towards a carbon-neutral future, the role of CCUS in decar-
bonizing industrial production and mitigating climate change is undeniably pivotal.
Among the various technologies explored for effective carbon capture, the applica-
tion of fluidized bed reactors (FBRs) holds significant promise due to their efficiency
and adaptability in large-scale operations. This book presents an in-depth exploration
of fluidized bed technologies, focusing on their role in CO2 capture, and is designed
to serve as a comprehensive resource for both academic research and industrial
applications.

The inception of this book is rooted in the collective realization of the urgent need
for advanced solutions to tackle CO2 emissions effectively. With global tempera-
tures rising and the detrimental effects of climate change becoming increasingly
evident, there is a pressing need to develop and implement technologies that can
reduce atmospheric CO2 levels. CCUS technologies have been recognized as crucial
in this endeavor. This book meticulously reviews a suite of CO2 capture technologies
that employ fluidized bed reactors, including pre-combustion gasification, oxyfuel
combustion, chemical looping combustion, calcium looping processes, and low-
temperature sorption. Our primary objective is to provide a thorough and compre-
hensive examination of fluidized bed reactors in the context of CO2 capture. This
involves summarizing the state-of-the-art progress from lab-scale fluidized bed reac-
tors to pilot-scale demonstration facilities, discussing the remaining challenges in
the field, and offering insights into potential solutions and future advancements. By
doing so, we aim to pave the way for the widespread commercialization of these
technologies.

Our coverage begins with a foundational overview in the introductory chapter,
setting the stage for a deeper exploration of the operational fundamentals of fluidized
bed reactors. Detailed discussions on the design, operation, and critical aspects of
heat and mass transfer within FBRs are provided to elucidate their relevance to
carbon capture efficiency. The book progresses into specific technologies, starting
with gasification in FBRs, exploring recent advancements and design challenges,
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vi Preface

and culminating in detailed case studies and performance evaluations. The subse-
quent chapters are dedicated to oxy-fuel combustion, chemical looping combustion,
and calcium looping, each dissecting the technological developments, operational
insights, and economic viability of these processes. In particular, the discussion on
chemical looping combustion highlights the selection and performance of oxygen
carrier materials, a core component that significantly influences the efficiency of
the process. The penultimate sections of the book explore the innovative realm of
low-temperature sorption in FBRs, focusing on sorbent development and process
optimization, before scaling up to demonstration projects that showcase the prac-
tical viability of these technologies. Each chapter concludes with a reflection on the
challenges faced and prospective solutions that hold the potential to overcome these
barriers. In the final chapters, we address the broader challenges and outlook on the
integration of these technologies into existing industrial frameworks, emphasizing
the technical hurdles, economic barriers, and need for innovation in future research
priorities.

We would like to express our deepest gratitude to a remarkable group of experts
who generously shared their profound insights and invaluable suggestions during the
preparation of this book.We are particularly grateful to Prof. BoLeckner of Chalmers
University of Technology, Sweden, who meticulously reviewed all chapters and
provided us with useful feedback in both general and specific areas. We also extend
our appreciation to Prof. Zhenkun Sun andDrs. Hongjian Tang, andYuanqiangDuan,
as well as Yueming Wang of Southeast University, China, for their contributions in
drafting and editing several chapters in this book. We acknowledge the assistance
provided by students Lu Chen, Caili Li, and Tongxing Zhang, who helped us obtain
permission to use charts and tables from other publishers. Lastly, we would like to
express our gratitude to our colleagues, peers, and the wider academic community
for their invaluable contributions, which have significantly enhanced the content and
scope of this book. This book owes its publication to the generous support of the
National Natural Science Foundation of China (No. U22A20435) and the Start-up
Research Fund of Southeast University (RF1028623358). We extend our heartfelt
thanks to these organizations for their financial support, which has been critical to
the completion of this work.

The culmination of this book not only synthesizes the current knowledge but also
outlines a future trajectory for research anddevelopment influidized bed technologies
for CO2 capture. We hope that this comprehensive review acts as a catalyst for
further studies and technological advancements in this critical field. As we present
this book to the readers, we hope that it serves as a valuable resource and inspires
continued research and innovation in the field of carbon capture using fluidized bed
technologies. We are excited about future possibilities and eager to see how the next
generation of researchers and practitioners will take this knowledge forward and
contribute to a sustainable and carbon-neutral future.

Nanjing, China
May 2024

Prof. Lunbo Duan
Prof. Dennis Lu
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Chapter 1
Introduction

Climate change is currently one of the most challenging issues to the global
ecosystem, which has already caused serious consequences in many aspects, such
as increasing wildfires, heat waves, drought, and ice sheet disintegration [1].
Anthropogenic CO2 emission, mainly produced by power generation and indus-
trial processes, has been well-documented as the primary cause of existing global
warming, accounting for ~76% of total greenhouse gas emissions [2]. The extensive
use of fossil fuels has significantly increased atmospheric CO2 concentration over the
past centuries [3]. Hence, with the global ambition to limit the rise of global average
temperature preferably to 1.5 °C and to achieve net-zero emissions by 2050, many
countries and regions worldwide have proposed clear guidelines towards carbon
neutrality around the second half of this century [4].

While there is a global consensus that CO2 emission control is pivotal tomitigating
climate change, the challenge lies in finding economically and practically viableways
to reduce CO2 emissions. For example, developing countries are likely to continue
relying on fossil fuels in the near future because of their availability, reliability, and
affordability. However, it is worth noting that the power generation sector accounts
for approximately 38.8% of global CO2 emissions [5]. Therefore, it is crucial to
prioritize the adoption of technically viable measures to capture CO2 from fossil
fuel combustion, particularly in the context of energy security [6]. Carbon capture
technologies can be mainly divided into pre-combustion, oxy-fuel combustion, and
post-combustion routes [7]. After capturing CO2, it must be purified to eliminate
impurities, often using separation technologies like membranes or solvents. The
purified CO2 is then compressed for easier transportation and storage, it can be
transported via pipelines, trucks, or ships, with stringent safety measures to prevent
leaks. Its utilization includes enhanced oil recovery [8], conversion into fuels [9],
or other chemical products [10]. These methods can transform CO2 from waste to
a valuable resource, promoting a circular carbon economy. Among these, this paper
mainly focuses on carbon capture technologies.

© The Author(s) 2025
L. Duan and D. Lu, Fluidized Bed Reactors for Carbon Capture,
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2 1 Introduction

Fig. 1.1 Potential applications of FBRs for pre-combustion, oxyfuel combustion, and post-
combustion carbon capture technologies

Technically, the selection of appropriate reactor configuration is a shared chal-
lenge for the above-mentioned carbon capture technologies, especially as the CO2-
sorbents contact is tightly linked to the CO2 capture efficiency [11]. Fluidization
is a physical phenomenon that occurs when a solid particulate substance inside the
reactor behaves in a fluid-like characteristic. The operation of a fluidized bed reactor
(FBR) involves injecting the gaseous media at a high velocity through the bottom of
the reactor to flow through the bed materials. The fluidization characteristic makes
the FBR more promising in terms of gas-solid mixing, heat transfer rate, fuel adapt-
ability, operation flexibility, and pollutant control. Consequently, fluidized beds find
extensive applications across diverse carbon capture technologies, as illustrated in
Fig. 1.1.

The publication about the fluidized bed application in these areas has significantly
increased in recent years (Fig. 1.2). However, FBRs face several technical barriers
that hinder their industrial application in carbon capture technologies due to existing
technical barriers, e.g., high energy penalties [11], scale-up issues for commercial-
ization [12], and selection of suitable high-reactivity materials [13]. More technical
advancements are now under investigation to further improve the system’s efficiency
and flexibility, such as the integration with renewable energy and energy storage
[14–16]. Therefore, this review aims to scrutinize the pivotal role of FBRs in the



1 Introduction 3

Fig. 1.2 Development trend of literature concerning fluidized bed’s application in CCUS from
2010 to 2022. Data source Web of Science (WOS) core collection, and here only include articles
and reviews

arena of carbon capture technologies. A critical evaluation of current literature, as
well as the assessment of technological advancements, is undertaken to understand
the spectrum of operational dynamics, material innovations, and the thermodynamic
proficiency of FBRs in carbon capture applications. In addition to scrutinizing the
role of FBRs in carbon capture, this review also aims to provide a critical anal-
ysis of the latest technological advancements and innovative applications within this
domain. It includes an examination of emerging trends in FBR design, operational
efficiency, and adaptability to varying carbon capture methods. The scope extends
to evaluating a comparative assessment of FBRs against other carbon capture tech-
nologies, highlighting their unique advantages and limitations, thereby providing a
comprehensive overview that is relevant to industry practitioners and the academic
community.

By dissecting the latest innovations and identifying operational challenges, the
review sets out to offer potential solutions and project future directions for research
and development. The ultimate goal is to furnish a detailed synthesis of FBR tech-
nology, assessing its current state and future prospects within the broader context of
environmental sustainability and economic viability. It aims to provide actionable
insights and strategic recommendations for advancing FBR technology, catering to
the needs of researchers, industry experts, and policymakers.

The structural outline of the review is methodically crafted to facilitate a
coherent understanding of FBRs. Following an introductory exposition, the review
will progress into a detailed discussion of the operational fundamentals of FBRs,
laying the groundwork for understanding their application in various carbon capture
processes. Subsequent sections are dedicated to an in-depth exploration of specific
carbon capture methods, such as oxy-fuel combustion, chemical looping combustion
(CLC), and the calcium looping process (CaL). The discourse extends to exploring
the integration of low-temperature sorption processes within the FBR framework,
highlighting the innovative use of novel sorbents. Each of these sections will not
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only discuss the technical details but also critically analyze the performance, cost
implications, and environmental impact. The review will then transition into an eval-
uation of recent innovations and challenges, drawing insights from current research
and industrial practices. This will include a discussion on the development of novel
materials and processes, as well as an examination of operational hurdles and poten-
tial solutions. In the same section, the review will synthesize the findings to offer
a comprehensive outlook on the future of FBRs in carbon capture. The objective is
to foster a deeper understanding of the role of FBRs in addressing climate change
challenges and to stimulate further research and innovation in this field.
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Chapter 2
Fluidized Bed Reactors: Operational
Fundamentals

2.1 Introduction to Fluid Dynamics in FBRs

Fluidization facilitates a dynamic interplay between solid particles and upward-
flowing gases, essential to a multitude of industrial processes such as drying [1],
coating [2], granulation [3], casting [4], pyrolysis [5], gasification [6], and energy
storage [7]. At the core of fluidization is the suspension of solid particles in a state
akin to a fluid, achieved by passing a gas upward through a bed of solid particles
with sufficient velocity to exert drag forces that counterbalance the particles’ weight
[8]. This fluid-like state is not a mere technical novelty; it is the linchpin of effec-
tive gas–solid interactions, thermal conduction, and chemical reactivity. It provides
an optimal milieu for diverse chemical reactions, including those pivotal in carbon
capture technologies.

The dynamics of particles within an FBR are governed by their intrinsic prop-
erties—namely size, density, and shape—as well as the properties of the fluidizing
medium, such as velocity and density. Grasping these dynamics is imperative for
refining reactor design and operational protocols, particularly in carbon capture
endeavors. The Geldart classification system offers a structured approach to catego-
rizing powders based on their aerodynamic characteristics, which are instrumental
in determining their fluidization profile (refer to Fig. 2.1) [9]. Within this system,
particles are segmented into four principal categories [10]:

• Group A particles are diminutive and cohesive, prone to uniform fluidization,
usually under 30 microns in diameter. They necessitate meticulous control over
air velocity to avert channeling and secure a uniformly fluidized bed.

• Group B particles, with diameters ranging from 40 to 500 microns, are often
deemed optimal for fluidization due to their ease of fluidization and minimal
inter-particle cohesion, rendering them versatile for a broad spectrum of FBR
applications.

© The Author(s) 2025
L. Duan and D. Lu, Fluidized Bed Reactors for Carbon Capture,
https://doi.org/10.1007/978-981-96-0274-2_2

7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-96-0274-2_2&domain=pdf
https://doi.org/10.1007/978-981-96-0274-2_2


8 2 Fluidized Bed Reactors: Operational Fundamentals

Fig. 2.1 Geldart classification of particles [9]

• Group C encompasses fine, cohesive particles that pose fluidization challenges
and may require auxiliary measures such as mechanical agitation to realize
fluidization.

• Group D contains larger, denser particles that are inclined towards spouted or
turbulent fluidization, demanding higher velocities to become fluidized.

In reactor design for carbon capture, the chosen fluidization regime is pivotal,
see Fig. 2.2, as each regime-bubbling, circulating, turbulent, or fast fluidization—
engenders distinct fluid dynamics and transport phenomena, impacting efficiency
[11].

• Bubbling Fluidization: Characterized by lower gas velocities, this regime leads to
bubble formation within the bed. While these bubbles enhance gas–solid mixing,
they can simultaneously detract from the efficiency of contact between the reactant
gas and solid sorbents.

• Circulating Fluidization: Operating at higher velocities, the circulating fluidized
bed (CFB) regime entrains solid particles out of the bed. These particles are then
separated from the exit gas and recirculated into the reactor. This continuous
loop endows CFB reactors with excellent gas–solid contact and heat transfer
capabilities, making them highly suitable for carbon capture.

• Turbulent and Fast Fluidization: At even higher gas velocities, the bed transitions
into a turbulent state, with vigorous particle movement and intense mixing—
known as fast fluidization. These regimes are advantageous for their augmented
mass and heat transfer rates,which can significantly enhance the kinetics of carbon
capture reactions.
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Fig. 2.2 Categories of fluidization regimes [11]

Comprehension of fluidization principles and the associated regimes is imperative
for the enhancement of FBR efficacy in carbon capture applications. The meticulous
regulation of fluidization parameters, including gas velocity, particle size distribu-
tion, and bed height, is crucial [12]. Such control is necessary not only to augment
CO2 absorption efficiency but also to curtail energy demands and guarantee stable,
enduring operation. This introduction lays the groundwork for an in-depth exam-
ination of FBR design and operational strategies, steering us toward the develop-
ment of scalable, cost-effective, and environmentally sound responses to the pressing
imperative of carbon capture.

2.2 Design and Operation of FBRs

FBRs are sophisticatedly engineered systems that harness fluidization phenomena to
enable a spectrum of chemical reactions, notably those pertinent to carbon capture
[13]. The strategic design and astute operation of FBRs are integral to bolstering
their performance and tailoring them to meet the specialized requirements of carbon
capture processes.

Within an FBR, the fluidization phenomenon is dictated by the core principles
of fluid mechanics [8]. When a gas ascends through a bed of solid particles at a
low velocity, it traverses the interstices with minimal particle interaction. This state,
reminiscent of a fluid’s behavior, is indispensable for efficacious gas–solid contact,
thermal exchange, and mass transfer—all of which are vital for the efficacious
absorption of CO2 from various gas streams.
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2.2.1 FBR Design Features

The efficacy of an FBR is significantly contingent on its design characteristics [14]:

• Distributor Plate Design: Serving as the foundation of the FBR, the distributor
plate is instrumental in introducing the fluidizingmedium. Its design is paramount
in ensuring an even gas spread, crucial for uniform fluidization. The plate’s perfo-
rations or nozzlesmust be strategically dimensioned and arrayed to thwart particle
backflow and diminish inactive zones within the reactor.

• Bed Material Selection: Selecting an appropriate bed material is essential, not
only for facilitating fluidization but also for influencing reaction kinetics. The
material’s granular size, density, and surface properties must be fine-tuned for
optimal interaction with the gas flow. In carbon capture, the sorbent’s reactivity
and ability to be regenerated are also key, as these factors directly impact the CO2

capture efficacy.
• Reactor Geometry: The reactor’s configuration, encompassing its shape and

dimensions, affects fluid dynamics and the retention time of gas and solids within
the system. Vertically elongated reactors may promote prolonged contact times,
albeit at the potential cost of uniform gas distribution and solid recirculation. On
the other hand, reactors with a broader girth may improve gas dispersal but might
necessitate increased velocities for fluidization.

2.2.2 Impact on Reactor Performance

The operational proficiency of an FBR is intrinsically linked to its design intricacies
[14]:

• Gas–Solid Contact: Optimal gas–solid interaction is paramount for efficient reac-
tion kinetics. The distributor plate’s architecture, coupled with the selection of
the bed material, is crucial in enhancing this interaction, thereby augmenting the
CO2 absorption capability of the reactor.

• Heat Transfer: In an FBR, heat transfer efficiency is crucial, particularly for
reactions that are exothermic or endothermic, as is common in carbon capture
processes. Fluidization promotes elevated rates of heat exchange due to the
perpetual motion and intermingling of particles, which aids in sustaining uniform
temperature conditions within the reactor.

• Managing Diverse Reaction Rates: An FBR’s capacity to accommodate varying
reaction velocities stems from its design—especially its geometry and the condi-
tions underwhich fluidization occurs. By adjusting these design parameters, FBRs
can be fine-tuned to align with the specific reaction kinetics of CO2 capture
processes.

To encapsulate, the architecture and operational strategies of FBRs are central
to their utility in carbon capture applications. A thorough grasp and refinement of
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fluidization dynamics, distributor plate configuration, bed material properties, and
reactor geometry enable engineers to significantly advance the effectiveness and
efficiency of FBRs in large-scale carbon capture efforts [15].

2.3 Heat and Mass Transfer in FBRs

The efficacy of carbon capture methodologies employing FBRs hinges critically on
the internal mechanisms governing heat and mass transfer. These mechanisms are
indispensable to the reactor’s operational performance, as they have a direct bearing
on reaction kinetics, the regeneration of sorbents, and the overarching efficiency of
the system [16].

2.3.1 Mechanisms of Heat Transfer

In FBRs, heat transfer transpires predominantly through conduction, convection,
and radiation, with convection playing the leading role due to the vigorous mixing of
the fluidized particles. This intense particle movement bolsters the effective thermal
conductivity within the FBR, as it ensures the continuous renewal of contact surfaces
between the particles and the fluidizing medium [17].

The heat transfer coefficient (h) in fluidized beds is quantifiable by empirical
formulas that incorporate the characteristics of the particles, the properties of the
fluid, and the fluidization velocity. An exemplar of such correlations can be expressed
as Eq. 2.1 [18]:

h = kg
dp

· Nu (2.1)

where kg is the thermal conductivity of the gas, dp is the particle diameter, and Nu
is the Nusselt number—a dimensionless quantity that can be further delineated in
terms of the system’s Reynolds (Re) and Prandtl (Pr) numbers.

2.3.2 Mechanisms of Mass Transfer

Mass transfer within FBRs is principally propelled by diffusion and enhanced by
convection, a result of the fluidization process which ensures persistent exposure of
solid particles to the gas phase, facilitating efficient mass exchange [16]. This mass
transfer rate is particularly crucial in carbon capture technology as it governs the
velocity at which CO2 is adsorbed onto the sorbent particles.

The mass transfer coefficient (km) is calculable through the Eq. 2.2 [19]:
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Fig. 2.3 Schematic of
calcium looping with
temperature requirement at
each reactor (reprinted from
ref. [21] with permission of
Elsevier)

km = Dg

dp
· Sh (2.2)

where Dg is the diffusion coefficient of the gas in the solid particles, and Sh is
the Sherwood number—a dimensionless entity that, akin to the Nusselt number, is
dependent on the system’s Reynolds (Re) and Schmidt (Sc) numbers.

2.3.3 Importance of Mixing and Temperature Control

Optimal mixing within the reactor is a cornerstone for effective heat and mass
transfer, serving to homogenize temperature distributions and ensure uniform expo-
sure of sorbents to CO2-enriched gases—factors that are imperative for maintaining
consistent reaction kinetics across the bed [20]. The modulation of mixing is orches-
trated through carefulmanipulation of the fluidization velocity and thoughtful reactor
design, whichmay include the strategic placement of internals such as baffles or draft
tubes.

Concurrently, precise temperature regulation is of the essence as shown in Fig. 2.3,
especially for thermally sensitive reactions. In the realm of carbon capture, sorbent
regeneration—a thermally governed process—often demands elevated temperatures.
Mastery over the reactor’s thermal profile is crucial; any shortcomings in temperature
regulation can precipitate incomplete sorbent regeneration, thereby diminishing the
sorbent’s effectiveness for CO2 capture in ensuing cycles [21].

2.3.4 Relevance to Carbon Capture Efficiency

Temperature and concentration gradients within an FBR can be analytically delin-
eated and forecasted through differential equations that encapsulate the principles
of energy and mass conservation. To resolve these equations and derive the thermal
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and concentration profiles under specific operational conditions, numerical methods
are frequently employed [8].

The interplay of heat and mass transfer processes within an FBR is decisive in
the context of carbon capture efficiency. Proficient heat transfer is indispensable for
the endothermic process of CO2 sorbent regeneration, ensuring thorough preparation
of the sorbent for successive absorption cycles [22]. Similarly, the efficacy of mass
transfer is pivotal as it dictates the extent to which CO2 molecules engage with the
sorbent particles and are subsequently captured.

The aggregate efficiency of an FBR in carbon capture endeavors is contingent
upon these transfer processes. By fine-tuning these variables through judicious
design and operation, one can achieve heightened capture rates, diminished energy
demands, and superior system performance [23]. Such advancements are integral
to the advancement of economically viable and environmentally responsible carbon
capture technologies.

2.4 Reactor Modeling and Simulation

Modeling and simulation are instrumental in the conceptualization, refinement,
and expansion of FBRs for carbon capture applications [24]. Computational Fluid
Dynamics (CFD) stands out among computational tools for its capacity to elucidate
the intricate phenomena occurring within FBRs [25]. These simulations empower
engineers to anticipate the performance of reactors under a diverse array of operating
scenarios.

2.4.1 Computational Fluid Dynamics (CFD) Models

CFD models are pivotal for simulating the fluid dynamics, thermal characteristics,
and chemical reactions within FBRs. These models employ the Navier–Stokes equa-
tions to delineate fluid movement, as well as energy and species conservation equa-
tions to project the behavior of fluidized particles [8]. As shown in Fig. 2.4, CFD
affords a granular spatial and temporal depiction of flow patterns, thermal profiles,
and concentration differentials, which are vital for deciphering and enhancing reactor
function.

For the dual-phase nature of FBRs, CFD models typically integrate either an
Eulerian-Eulerian or anEulerian–Lagrangian framework [27]. TheEulerian-Eulerian
method regards both fluid and solid phases as continuous but distinct entities,
resolving separate momentum equations for each. The Eulerian–Lagrangianmethod,
however, traces discrete particles as they navigate the fluid phase, offering intricate
insights at the cost of increased computational intensity [26].

The predictive efficacy of modeling and simulation is indispensable for a myriad
of reasons:
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Fig. 2.4 Simulated results for the impact of operating parameters on biomass gasification through
the Eulerian–Lagrangian approach (reprinted from ref. [26] with permission of Elsevier)

• Design Parameter Optimization: CFDmodels enable the virtual exploration of the
effects of varying design elements, such as distributor plate configuration or bed
elevation, on reactor functionality [26]. This empowers engineers to refine these
parameters virtually, obviating the necessity for costly and protracted empirical
alterations.

• Fluidization Regime Comprehension: The distinct properties of various fluidiza-
tion regimes, like bubbling, slugging, or turbulent flows, exert substantial influence
on reactor dynamics. CFD models are instrumental in forecasting regime transi-
tions and their consequent effects on reaction rates and homogenization efficacy
[28].

• Reaction Kinetics Simulation: These simulations are capable of mimicking the
chemical processes transpiring within reactors, including the absorption and
rejuvenation cycles of CO2 on sorbents [29]. By accurately projecting reac-
tion dynamics and conversion efficiencies, CFD assists in enhancing reactor
performance for maximal carbon capture.

• Thermal Exchange Evaluation: CFD analyses elucidate the heat transfer attributes
of reactors, crucial for processes such as sorbent regeneration [24]. The simula-
tions aid in pinpointing and mitigating thermal inconsistencies.
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• Wear and Erosion Projections: FBR components are susceptible to wear and
erosion. CFD can forecast zones of intensive particle collisions and attrition,
thus informing the design of more durable reactors [30].

• Scale-up Impact Assessment: Laboratory-to-industry scale transitions can signif-
icantly alter reactor behavior due to escalated pressure drops, thermal losses,
or mixing anomalies [31]. CFD provides essential foresight into these scaling
repercussions, facilitating more precise design and operation on an industrial
scale.

• Sorbent Behavior Prediction: For carbon capture applications, the performance
and reconstitution of sorbents are pivotal. CFD simulations can replicate the
thermal and chemical ambiances that sorbents encounter, predicting their reac-
tivity and longevity [32].

• Safety and Regulatory Adherence: CFD models are valuable in preempting the
emergence and dispersal of potential thermal anomalies or pollutant concentration
zones, thereby contributing to the safe, regulatory-compliant design and operation
of FBRs.

2.4.2 Relevance in Scaling Up from Laboratory to Industrial
Scale

The amplification from laboratory to industrial scale stands as a formidable challenge
in reactor design, wherein modeling and simulation prove to be indispensable tools:

• Foreseeing Scale-up Outcomes: CFD models facilitate projections of the effects
that scaling up will have on fluid dynamics and reaction kinetics, thereby illu-
minating potential deviations in process efficiency observed at smaller scales
[31].

• Refinement of Design: Through modeling and simulation, various design frame-
works can be virtually tested, conserving time and resources that would other-
wise be expended on constructing physical prototypes [33]. This proves espe-
cially beneficial in fine-tuning reactor designs for mass production and industrial
deployment.

• Risk Reduction: Predictive models play a critical role in preempting the perfor-
mance of FBRs at escalated scales, enabling the identification and alleviation of
prospective risks, thereby smoothing the transition to full-scale operations [34].

In conclusion, the employment of reactor modeling and simulation, with a special
emphasis on CFD, is essential in the advancement and refinement of FBR utilized
for carbon capture. These computational models impart intricate understandings of
the multifaceted events transpiring within FBRs, informing design choices, elevating
performance, and facilitating the effective magnification of these vital technologies
for carbon capture and the safeguarding of our environment.

Numerous case studies serve as testaments to the efficacy of FBRs in the domain of
carbon capture, notably within the power generation sector [35–40]. These examples
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illustrate that, despite the considerable operational challenges associated with FBRs,
such obstacles can be surmounted through meticulous design, judicious material
selection, and strategic operational management [15, 41–43]. The lessons gleaned
from empirical evidence and ongoing refinement indicate that FBRs are capable of
achieving superior performance in carbon capture tasks, thereby playing a significant
role in mitigating greenhouse gas emissions across various industries.

In summation, an exploration into themechanics of FBRunderscores the necessity
of a profound comprehension of these principles to foster progress in carbon capture
technologies. As global efforts intensify to curtail greenhouse gas emissions, the
enhancement of FBR technology emerges as an essential avenue toward realizing
this ambition. The knowledge distilled from this discourse provides a groundwork
for forthcoming innovations in FBR configuration and functionality, propelling us
towards a future that is both more sustainable and environmentally benign.
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Chapter 3
Gasification in FBRs

3.1 Introduction to Fluidized Bed Gasification

Pre-combustion carbon capture, also known as pre-combustion CO2 capture or gasi-
fication, is an emerging technology for CO2 emission reduction (see Fig. 3.1). The
core of this method lies in separating the carbon-containing part from the fuel
before combustion through gasification, thereby reducing or avoiding carbon emis-
sions [1]. This approach has significant advantages over traditional post-combustion
capture techniques. In traditional post-combustion capture schemes, the mixed gases
produced after the complete combustion of fuel require a complex treatment process
to separateCO2,which is both energy-intensive and costly [2].Gasification completes
the separation of carbon before the fuel is burned, which not only reduces the
treatment cost but also enhances the energy conversion efficiency [3].

In the context of FBRs, pre-combustion CO2 capture, or gasification, is typi-
cally achieved through a water–gas shift reaction, where carbon monoxide (CO)
in the syngas reacts with steam to produce additional hydrogen and CO2 [4]. The
resulting CO2 can be captured from the gas stream using physical or chemical
solvents, allowing for the production of hydrogen-rich syngas, which can be utilized
as a versatile energy carrier or as a feedstock for producing various chemicals [5].
High-temperature conditions in fluidized bed gasification (FBG) are conducive to the
capture and conversion of CO2 [6, 7]. Recent studies have demonstrated the feasi-
bility of integrating sorbent-based capture systems directly into the fluidized bed,
thereby enhancing the efficiency of CO2 capture and reducing the energy penalty
associated with gas separation [8].

However, despite the potential of FBG technology in CO2 capture, these technolo-
gies are still in the development stage and require further research and demonstration
projects to verify their economic and practical viability [9]. For instance, operating
pressure and CO2 concentration during the FBGs have a significant impact on reac-
tion performance, and these factors need to be optimized for practical applications.
Key research has focused on optimizing the gasification process to enhance syngas
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Fig. 3.1 Process flow diagram illustrating the stages of pre-combustion CO2 capture in a fluidized
bed gasifier (from ref. [10], licensed under CC-BY 4.0)

quality, increase carbon conversion efficiency, and integrate effective CO2 capture
mechanisms.

3.2 Advantages of Gasification in FBRs

Gasification in FBR offers several distinct advantages over other types of gasifiers,
such as fixed-bed, fluidized-bed, or dual-fluidized bed gasifiers (see Fig. 3.2), partic-
ularly in terms of operational flexibility, scalability, and environmental performance.
One of the primary benefits is the high efficiency of gasification due to the excellent
heat characteristics and mass transfer of the fluidized bed. This results in uniform
temperature distribution, which minimizes hot spots and allows for a more complete
conversion of the feedstock into syngas [11].

Another principal advantage of FBRs is their ability to handle a variety of feed-
stocks with different properties such as size, shape, and moisture content. This versa-
tility is crucial for utilizing low-cost, locally available, and low-grade materials,
which might otherwise be considered waste. Moreover, the fluidized bed enables
uniform temperature distribution throughout the reactor, preventing hot spots that
can lead to the formation of undesirable by-products like tar and methane.

Furthermore, a significant advantage of using FBRs in gasification processes is
their enhanced reaction kinetics. The intense mixing of gas and solid particles in
the fluidized state ensures constant contact between the reactants, leading to faster
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Fig. 3.2 Schematic illustration of different types of gasifiers: a entrained flow, b fixed bed (left:
updraft and right: downdraft) and c fluidized bed (left: bubbling fluidized bed, middle: CFB and
right: dual fluidized bed) (from ref. [12], licensed under CC-BY 4.0)

reaction rates and higher efficiencies in syngas production. Furthermore, the opera-
tional conditions in FBRs, such as temperature, pressure, and residence time, can be
precisely controlled to optimize the gasification reactions and improve the quality of
the syngas produced (see Fig. 3.3).

Environmental benefits are also notable in FBR gasification. The technology facil-
itates the capture of CO2, a critical factor inmitigating climate change. By integrating
CO2 capture and sequestration systems, FBRs can significantly reduce the amount
of CO2 released into the atmosphere from gasification processes [14]. Additionally,
the reduction in the emission of other pollutants, such as sulfur oxides (SOx) and
nitrogen oxides (NOx), can be achieved through careful control of the gasification
environment, making FBRs an environmentally friendly option in energy production.

Finally, the scalability of fluidized bed gasifiers is another significant advantage.
They are more readily scalable to larger capacities than fixed bed designs, making
them suitable for industrial applications and larger energy production scenarios. The
economic feasibility of fluidized bed gasifiers is enhanced by their operational effi-
ciencies and the potential for integration with other processes, such as combined heat
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Fig. 3.3 Effect of permeate side pressure and sweep gas flow rate on methane conversion at the bed
surface and reactor exit (reprinted from ref. [13] with permission of American Chemical Society)

and power (CHP) systems, which can utilize the heat generated during gasification,
further improving the overall energy efficiency of the system.

3.3 Recent Progress of CO2 Capture During Gasification
in FBRs

The latest developments in FBG technology in the field of pre-combustion CO2

capturemainly include the application ofmodified adsorbents, the continuous capture
capability of multi-stage fluidized bed systems, the study of calcium oxide (CaO)
as an adsorbent, simulation research on circulating fluidized bed reactors (CFBRs),
and the successful experiment of continuous CO2 adsorption–desorption demon-
stration units. These advancements provide significant support for improving CO2

capture efficiency and promoting the industrial application of the technology. These
developments in FBG technology are mainly reflected in the following aspects:

• The application of modified adsorbents has improved the efficiency of CO2

capture. Experimental measurements have shown that the CO2 capture capacity
of modified adsorbents in a fluidized bed increases significantly with the increase
of solid circulation rate, increase of solid hold up as well as contact time (see
Fig. 3.4) [15].
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Fig. 3.4 Graph showing the increase in CO2 capture capacity with solid circulation rate in fluidized
beds (reprinted from ref. [15] with permission of Elsevier)

• A multi-stage fluidized bed system can achieve continuous CO2 capture, and
laboratory-scale experiments have already reached the designed capture targets.
This indicates that the system can effectively capture CO2 in a short time under
conditions of sufficient gas–solid contact and rapid adsorption kinetics [16].

• In biomass air–steam FBG, CaO as an adsorbent for CO2 in the synthesis gas
has been studied for its feasibility through reaction kinetics modeling methods.
This study provides important theoretical support for the development of biomass
gasification-CO2 capture technology (see Fig. 3.5) [17].

• Studies on CFBRs have shown that simulation research can better understand the
factors affecting the CO2 removal rate, such as particle volume fraction, CO2 mass
fraction, and solid temperature distribution characteristics [18].

Fig. 3.5 Principle of gasification with in-situ CO2 capture in biomass gasification [17]



24 3 Gasification in FBRs

• The role of computational fluid dynamics (CFD) in optimizing gasifier designs
cannot be understated [19]. CFD techniques have been instrumental in studying
the hydrodynamics and reaction kinetics within fluidized beds, leading to better
predictive capabilities and design improvements. These advancements are crucial
for scaling up the technology and ensuring consistent performance across different
scales and configurations.

• Advancements in technology have also focused on optimizing the variables to
improve efficiency and adapt to various feedstocks. For instance, in the pilot
studies with different types of wastes, temperatures in the range of 770–870 °C
have shown significant variations in gas yield and quality based on the air ratio
and feedstock type [20].

Technologies like the fluidized bed two-stage gasification process have demon-
strated potential for high efficiency and low tar content in the produced syngas. This
process, which combines a pyrolyzer and a gasifier, has shown that maintaining
reaction temperatures around 700 °C in the pyrolyzer and 850 °C in the gasifier can
significantly enhance the heating value of the produced gas while keeping tar content
to a minimum (see Fig. 3.6) [21]. This is crucial for the economic viability of using
syngas for power generation or as a chemical feedstock.

Moreover, the incorporation of catalysts into the fluidized bed to enhance CO2

capture and improve gasification efficiency has been a focus of recent research.
Catalysts can help reform tar into syngas and capture CO2 as stable carbonates,

Fig. 3.6 Schematic diagram of the employed experimental dual FBG facility (1-herb residue,
2-conveyor, 3-hopper, 4-screw feeder, 5-pyrolyzer, 6-gasifier, 7-primary cyclone, 8-loop seal, 9-
secondary cyclone, 10-primary heat exchanger, 11-secondary heat exchanger, 12-air compressor,
13-boiler, 14 draught fan, 15-chimney) (reprinted from ref. [21] with permission of Elsevier)
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which can then be sequestered or used in other processes. The challenge lies in
selecting appropriate catalysts that can withstand the harsh conditions inside the
gasifier and do not contribute to bed agglomeration or sintering.

The integration of these CO2 capture technologies into FBRgasification processes
not only helps in reducing CO2 emissions but also improves the economic viability of
these systems by potentially generating tradable carbon credits. Moreover, ongoing
research is focusing on developing advanced materials and processes that can further
enhance the efficiency and reduce the operational costs of CO2 capture in FBRs.

3.4 Design and Scale-Up Challenges

Designing and scaling up FBRs for gasification and CO2 capture presents a set of
complex challenges that need careful consideration to ensure operational efficiency
and economic viability. These challenges are predominantly related to feedstock
variability, bed material lifespan, reactor design, process integration, and economic
factors.

• Feedstock variability: Feedstock variability can significantly impact the gasi-
fication process. Different materials behave differently in the reactor, affecting
fluidization, heat transfer, and reaction kinetics. Developing gasifiers that can
handle a wide range of feedstocks without requiring extensive adjustments to
operating conditions is crucial for flexibility and economic viability [22].

• Bed material lifespan: Bed material selection and management are also critical.
The material must facilitate good fluidization and heat transfer without degrading
quickly. It must also resist agglomeration and fouling, which can reduce efficiency
and lead to operational problems. Advances in bed material technology, such as
the use of engineered particles or additives that enhance performance and lifespan,
are essential for the successful scale-up of fluidized bed gasifiers.

• Reactor Design: The design of FBRs must address the fluid dynamics of the
particle-gas mixture, ensuring uniform fluidization and minimizing elutriation
of fine particles, which can lead to operational inefficiencies and loss of feed
material. The reactor should also be designed to allow for easy integration of CO2

capture technologies, whether they are based on physical absorption, chemical
looping, or membrane separation. The scalability of the reactor design from pilot
to commercial scale is another critical aspect, requiring a deep understanding of
scaling laws on reactor performance [14]. Several different technical options for
dual FBG (DFBG) technology are shown in Fig. 3.7.

• Process Integration: Integrating the gasification process with CO2 capture and
sequestration systems presents challenges in terms of process optimization and
control (see Fig. 3.8). The coupling of these processes must be managed to mini-
mize energy penalties associated with CO2 capture and to ensure that the overall
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Fig. 3.7 Four technical options for dual FBG (DFBG) technology under different combinations of
low-velocity fluidized bed (LVFB) and high-velocity pneumatic riser (HVPR) (reprinted from ref.
[23] with permission of American Chemical Society)

system remains economically viable. Advanced control strategies, such as real-
time processmonitoring and adaptive control systems, are essential for optimizing
the operation under varying feedstock and operating conditions.

• Economic Factors: The economic viability of FBRs for gasification and CO2

capture depends on various factors, including capital costs, operational costs,
feedstock availability, and energy market conditions. The high initial capital
investment in advanced materials and sophisticated control systems can be
a significant barrier to deployment. However, operational cost savings from
increased efficiency, along with potential revenues from by-products and carbon
credits, can offset these costs. Economic assessments must consider these factors
comprehensively to determine the feasibility of scaling up FBR technologies.

Finally, the mechanical design of large-scale fluidized bed gasifiers must address
issues like wear and tear, thermal stresses, and material fatigue. The operational
environment inside a gasifier is harsh,with high temperatures, corrosive atmospheres,
and abrasive materials. Developing materials and designs that can withstand these
conditions over long operational periods is critical to the long-term success and
economic viability of these systems.
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Fig. 3.8 Scheme of integrated gasification system for the in-situ CO2 capture coal gasification
(reprinted from ref. [24] with permission of Elsevier)

3.5 Case Studies and Performance Evaluation

To demonstrate the practical application and effectiveness of FBRs in gasification
and CO2 capture, several case studies can be reviewed. These case studies highlight
the operational performance, challenges faced, and the solutions implemented to
enhance system efficiency and sustainability.

• Case study 1: Biomass gasification in a pilot-scale FBR: A pilot-scale study
conducted in Austria focused on the gasification of biomass using an FBR inte-
gratedwith in situCO2 capture technology. The study aimed to evaluate the syngas
quality, carbon conversion efficiency, and CO2 capture rate under different oper-
ating conditions. The results showed that optimizing the steam to biomass ratio
and reactor temperature could significantly enhance syngas quality and increase
carbon conversion efficiency (see Fig. 3.9). CO2 was captured using a chemical
looping method, which proved effective in reducing CO2 emissions by up to 90%
[25]. This case study demonstrated the potential of FBRs in converting biomass
to high-quality syngas while capturing CO2 [26].

• Case study 2: Coal gasification for power generation: In China, a commercial-
scale FBR was used for the gasification of coal to generate electricity. The reactor
was designed to handle high throughputs of coal and was equipped with advanced
syngas cleaning and CO2 capture systems. The performance evaluation showed
that the FBR could achieve a high gasification efficiency of approximately 80%,
with CO2 capture rates exceeding 85% [28]. The integration of the gasification
process with a combined cycle power plant resulted in overall plant efficiencies
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Fig. 3.9 Relationship between fuel characteristic and syngas quality along with CO2 capture
efficiency (from ref. [27], licensed under CC-BY 4.0)

of over 40% (see Fig. 3.10), highlighting the efficiency and scalability of FBR
technology in large-scale energy production [28, 29].

Fig. 3.10 System flow of the GreenGen integrated gasification combined cycle (IGCC) plant with
pre-combustion CO2 capture [28]
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• Case Study 3: Waste-to-energy conversion: Another case study involved a
waste-to-energyplant in Japanwheremunicipal solidwaste (MSW)wasprocessed
using a fluidized bed gasifier (see Fig. 3.11). The plant utilized an advanced waste
preprocessing system to prepare the MSW for gasification. The FBR efficiently
converted the waste into syngas, which was then used to generate electricity
and heat. CO2 capture was integrated using a post-combustion capture system,
achieving a capture rate of approximately 75%. This case study illustrated the
versatility of FBRs in handling diverse feedstocks and their potential to contribute
to sustainable waste management and energy production [30].

These case studies provide valuable insights into the operational challenges and
technological solutions associated with FBR gasification and CO2 capture. They
underscore the importance of system design, process optimization, and integration
of advanced technologies in achieving high efficiencies and environmental benefits.

Fig. 3.11 Schematic representation of the low-temperature fluidized-bed gasifier (LTFBG), which
was meant to reproduce the two-step oxidation technology proposed by Ebara in Japan [31]
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3.6 CO2 as an Oxidant in FBG

The use of CO2 as an oxidant in FBG involves the reaction of solid fuels such as
biomass or coalwithCO2, facilitated by high temperatures to promote the gasification
process of carbon, converting it into gases like carbon monoxide (CO) or other
gaseous products. This process not only helps to reduce greenhouse gas emissions
but also produces synthesis gas that can be used for energy conversion and chemical
production.

The use of CO2 as a gasification agent in the biomass field has received consider-
able attention, and while it is largely at the theoretical stage, the studies from Vienna
University of Technology have indicated that fluidized bed biomass gasification is
effective in convertingCO2 intoCO (see Fig. 3.12) [32, 33]. The study experimentally
analyzed multiple parameters affecting the CO2 conversion rate, including temper-
ature and the type of bed material. This suggests that under appropriate operating
parameters, FBG can achieve efficient CO2 conversion.

In certain studies, CO2 has been partially or completely substituted for steam as
a gasification agent to investigate its effects on biomass gasification characteristics
(see Fig. 3.13) [34]. The results indicate that substituting CO2 for steam does not
significantly improve gasification efficiency. However, other research has shown that
under specific operating conditions and with certain feedstock types, a mixture of
CO2/H2O/O2 can be used to gasify algal biomass, producing syngas and char [35].
The gasification of lignocellulosic biomass with CO2 is considered an attractive tech-
nology for addressing the rapid depletion of fossil fuels and CO2 emission reduction
[36].

Fig. 3.12 The conversion rate of CO2 to CO under various operational conditions in a fluidized
bed gasifier (from ref. [33], licensed under CC-BY 4.0)
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Fig. 3.13 Principle of the
advanced dual fluidized bed
CO2/steam gasification
system (from ref. [34],
licensed under CC-BY 4.0)

Thegasification reaction between carbon andCO2 is a complexmulti-step process.
For instance, the gasification of char with CO2 initially involves the formation of
carbon–oxygen complexes from CO2 and char, followed by the desorption of these
complexes from char. The microscopic mechanism of this process can be understood
in depth through quantum chemical methods.

The role of catalysts in the gasification process is significant. For example, CaO
has been found to have a positive catalytic effect on the gasification reaction between
carbon and CO2, influencing the onset temperature, endpoint temperature, and reac-
tion rate (see Fig. 3.14) [37]. This indicates that adding specific catalysts in FBG can
optimize the gasification process and improve the efficiency of CO2 conversion.

Despite the theoretical potential of CO2 as a gasification agent, practical appli-
cations present challenges [39, 40]. For example, one of the challenges in CO2

electrocatalysis is the selection and design of reactive interfaces that can activate
CO2 to form carbon–carbon bonds with low overpotential. Although this challenge
is different from directly using CO2 as a gasification agent, it reflects the technical
difficulties that may be encountered when dealing with CO2. Another challenge is
understanding themolecularmechanisms and key intermediates that control catalytic
selectivity [40]. This is crucial for optimizing the application of CO2 as a gasification
agent, as precise control of the reaction process is needed to improve gasification
efficiency and product quality.
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Fig. 3.14 Effects of different CaO ratios on conversion rate curve and conversion rate curve
(reprinted from ref. [37, 38] with permission of Elsevier)

In practice, temperature positively affects the gasification reaction, but under
certain conditions, such as excessively high temperatures or small particle sizes, it
may have adverse effects on gasification outcomes [41]. This means that when using
CO2 as a gasification agent, precise control of operating conditions is necessary to
optimize the gasification effect.

The application of CO2 as an oxidant in FBG demonstrates its potential in the
efficient conversion of biomass and coal resources. By precisely controlling reaction
conditions and utilizing catalysts, high-efficiency CO2 conversion can be achieved,
providing an effective approach to sustainable energy production and environmental
protection.

The environmental impact assessment of FBG technology using CO2 as an
oxidant in practical applications includes the reduction of greenhouse gas emis-
sions, balancing economic and environmental benefits, conducting environmental
risk assessments, and implementing life cycle assessments. These studies highlight
the potential of the technology in promoting environmental protection and sustainable
development in several key areas:

• Reduction of CO2 Emissions: Projects such as the Shenhua Yulin Coal Deep
Processing Base have demonstrated significant CO2 emission reductions through
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Fig. 3.15 Life cycle assessment of biomass gasification using CO2 (from ref. [32], licensed under
CC-BY 4.0)

energy-saving measures like semi-waste heat recovery processes and the elim-
ination of coal-fired boilers, achieving an annual reduction of 534,300 tons
of CO2 [42]. This indicates that with optimized processes and technological
improvements, substantial cuts in greenhouse gas emissions can be made.

• Environmental Risk Assessment: Environmental risk assessments for CCUS
projects include steps like defining the scope of the assessment, identifying poten-
tial environmental risk sources and receptors [43]. While not directly mentioning
FBG, this highlights the importance of systematic environmental risk evaluation,
which applies to any technology involving CO2 handling.

• Life Cycle Assessment (LCA): Studies on the life cycle assessment of power
generation systems based on biomass gasification combined cycles provide an
LCA of different technological options, examining alternatives in biomass gasi-
fication, synthesis gas combustion, and CO2 emission control [44]. This method
helps to understand the overall environmental impact of the technology throughout
its life cycle, including GHG emissions (see Fig. 3.15).

It is important to conduct comprehensive assessments that consider not only the
direct emissions from the gasification process but also the broader implications of
CO2 utilization and storage, aswell as the indirect effects on the economy and society.
This holistic approach is crucial for the development and deployment of CO2-based
gasification technologies.

3.7 Future Directions and Research Needs

As the demand for sustainable energy solutions continues to grow, the development
of fluidized bed reactors (FBRs) for gasification and CO2 capture will likely play
a critical role in meeting global energy and environmental goals. Looking forward,
research and development in FBG will likely focus on several key areas to improve
technology and make it more suitable for widespread commercial adoption. These
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areas include further enhancements to CO2 capture techniques, the development of
more robust and efficient reactor designs, process optimization, and the integration of
renewable energy sources to createmore comprehensivewaste-to-energy or biomass-
to-energy solutions.

• Advancements in CO2 capture technologies: Ongoing research is exploring
advanced sorbent materials that can capture CO2 more efficiently and at lower
costs. These materials need to be compatible with the high temperatures and
corrosive environments found in gasifiers. Additionally, integrating CO2 capture
directly into the gasification process—rather than as a separate post-processing
step—could significantly improve the overall efficiency and cost-effectiveness of
the technology [14, 45].

• Reactor design: Continued innovation in reactor design is also an area of active
research, with efforts focusing on improving the reliability and scalability of
fluidized bed gasifiers. This includes developing better construction materials
that can withstand the harsh conditions inside the reactor, as well as refining the
design of components like distributors and cyclones to enhance performance and
reduce maintenance requirements [46].

• Process optimization: There is a significant need for further optimization of
the gasification process to enhance syngas production and carbon conversion
rates (see Fig. 3.16). Advanced modeling and simulation tools can provide deeper
insights into the complex reactionswithinFBRsandhelp in optimizingoperational
parameters for better performance [12].

• Integration of renewable energy sources: Integrating FBR with renewable
energy sources, such as solar or wind power, could provide the necessary
energy inputs for gasification processes, reducing the reliance on fossil fuels and
enhancing the sustainability of the system. These integrated systems could help
to balance the intermittent nature of some renewable energy sources and provide
a more stable and reliable supply of energy from biomass and waste materials.

3.8 Ending Remarks

The future of FBR technology appears bright,with numerous opportunities for further
research and development. As global efforts to combat climate change intensify, the
demand for innovative and sustainable energy solutions will undoubtedly increase.
FBRs, with their ability to efficiently convert a wide range of feedstocks into clean
energy while capturing CO2, are well-positioned to be at the forefront of these
solutions.

FBG, as a pre-combustion CO2 capture technology, shows promising prospects
and development potential. With further technological improvements and scaled-up
applications, it is expected to achieve more efficient and cost-effective CO2 capture
and utilization in the future.
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Fig. 3.16 System conception of a a recently proposed biomass gasification plant and b its reversion
(reprinted from ref. [23] with permission of American Chemical Society)
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Chapter 4
Oxy-Fuel Combustion in FBRs

4.1 Introduction to Oxy-Fuel Combustion

Oxy-fuel combustion, also known as O2/CO2 combustion or oxy-fuel, is one of
the most promising CO2 capture technologies for coal-fired power plants, techni-
cally or economically. Oxy-fuel combustion represents a pivotal advancement in
carbon capture technologies, characterized by fuel burning in an oxygen-rich envi-
ronment rather than in the air. This process is fundamentally distinct from conven-
tional combustion methods, as it predominantly uses pure oxygen mixed with a
recirculated flue gas, predominantly composed of carbon dioxide and water vapor.
The primary advantage of this method is its ability to produce a highly concentrated
CO2 stream in the exhaust, significantly simplifying the carbon capture process. By
eliminating the dilution effects of nitrogen and other atmospheric gases typically
present in air-fired combustion, oxy-fuel combustion enhances the efficiency and
efficacy of carbon capture.

Figure 4.1 shows the schematic diagram of a typical oxy-fuel combustion system.
During the oxy-fuel process, a mixture of O2 obtained by the air separation unit
(ASU) and part of the recycled flue gases (RFG, predominantly composed of CO2

and water vapor) is burned with the fuel, thereby increasing the concentration of CO2

in the exhaust flue gas. So, the principle for oxy-fuel combustion is the substitution
of N2 in air by a gas, usually the RFG.

In the context of FBRs, the implementation of oxy-fuel combustion presents
unique advantages. FBRs, known for their excellent heat transfer characteristics
and uniform temperature distribution, become even more efficient when combined
with oxy-fuel combustion. This synergy results in enhanced combustion efficiency,
reduced pollutant emissions, and improved carbon capture rates. The adaptability
of FBRs to different fuel types, including low-grade and alternative fuels, further
augments their suitability for oxy-fuel combustion processes. This adaptability is
particularly crucial in addressing the varying fuel compositions and impurity levels
encountered in industrial applications.
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Fig. 4.1 Schematic diagram of the oxy-fuel combustion system [1]

The integration of oxy-fuel combustion in FBRs also necessitates consideration
of certain operational aspects, such as the designmodifications required to handle the
high-temperature environment created by the oxygen-rich atmosphere. Additionally,
the recirculation of flue gases in FBR demands precise control systems to maintain
optimal combustion conditions and ensure efficient carbon capture. These consider-
ations are critical in the design and operation of FBR utilizing oxy-fuel combustion,
highlighting the need for ongoing research and development in this area.

4.2 Technological Developments

The process of using oxygen instead of air to organize combustion with fuel in
fluidized beds has a long research history. Fritz Winkler had already used this tech-
nology to provide heat for gasifiers almost 100 years ago [2]. Figure 4.2 shows
the development history and milestones of the oxy-fuel fluidized bed technology.
Horn et al. [3] first proposed the concept of oxy-fuel combustion in the fluidized
bed, which was originally used to produce a high-purity CO2 stream to enhance
oil recovery. In the 1980s and 1990s, several laboratory studies were carried out
to research the fundamental combustion and pollutant conversion characteristics in
an O2/CO2 atmosphere. Delft University of Technology [4] and Hokkaido National
Industrial Research Institute (HNIRI) [5] conducted oxy-fuel experiments with RFG
in the pressurized fluidized bed and atmospheric-pressure bubbling bed. Their results
showed that the dry-based CO2 concentration in flue gas can exceed 90%, veri-
fying the feasibility of the oxy-fuel fluidized bed combustion process. In the past
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two decades, this technology has achieved rapid development, obtaining a series of
patents, as well as several larger capacity demonstration power plants.

One of the most significant benefits of this oxygen-driven process is the dramatic
increase in CO2 concentration in the exhaust gases. In conventional air-fired combus-
tion, CO2 concentrations typically range from 3–15%, depending on the fuel type
and combustion conditions. However, in oxy-fuel combustion, the CO2 concentra-
tion can exceed 90%, greatly facilitating the subsequent carbon capture process. The
high CO2 concentration not only improves the efficiency of post-combustion capture
technologies but also reduces the energy penalty associated with carbon capture.
This is because the compression-cooling-separation method can be used to purify an
extremely large amount of flue gas and obtain liquid CO2 at a low cost.

In the realmofFBRs, innovations have beenparticularly focused onoptimizing the
reactor design to handle the intense heat and corrosive environment created by oxy-
fuel combustion. This includes the development of advanced materials and coatings
that can withstand high temperatures and prevent corrosion, thereby extending the
lifespan of the reactor components [6, 7]. Additionally, there has been significant
progress in the control systems for FBRs [8, 9], which are now more capable of
maintaining stable and efficient combustion conditions even with the variable fuel
qualities and flow rates.

In conclusion, the technological developments in oxy-fuel combustion, partic-
ularly when applied to FBRs, represent a significant stride towards more efficient
and sustainable carbon capture solutions. These advancements not only enhance the
performance of FBRs in carbon capture applications but also contribute to the broader
goal of reducing greenhouse gas emissions in energy and industrial sectors.

4.3 Performance of the Oxy-Fuel Fluidized Bed

Compared with conventional air mode, the fuel burned in O2/RFG instead of O2/N2

in an oxy-fuel fluidized bed, and the atmosphere greatly changes fuel combustion
characteristics, heat transfer, and the conversion path of pollutants. CO2 has a larger
specific heat capacity than N2, and the diffusion coefficient of O2 in CO2 is smaller
than that in N2 [10]. The change of atmosphere has a significant impact on the
combustion of fuel particles in fluidized beds. Take coal particles as an example, the
volatile matter release rate in 21% O2/79% CO2 atmosphere decreases slightly than
in air, while the ignition delay time increases. Also, the peak combustion temperature
decreases in 21% O2/79% CO2 atmosphere, and it takes a longer time to reach the
peak temperature [11, 12]. In addition, the high concentration of CO2 will cause
a gasification reaction with coal char in the oxy-combustion process. Even though
the gasification rate is slower than that of the oxidation reaction, the influence of
gasification at low O2 fraction and high bed temperature still cannot be ignored
[13, 14].

Table 4.1 briefs the pollutant emissions from oxy-CFB combustion. The experi-
mental results show that the total emission mass of NOx in oxy-fuel CFB is much
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lower than that in air-combustion mode [15–17]. This is because flue gas recy-
cling greatly extends the residence time of NOx in the reducing zone [18, 19], and
enhances the reduction reactions of NOx. For SO2 emission, the formation of SO2 is
thermodynamically favored in high temperature and high inlet oxygen concentration
conditions. Also, the flue gas recycling accumulates SO2 concentration in the flue
gas. Limestone is widely used in the in-furnace desulfurization of CFB boilers, and
the desulfurization process of limestone includes direct desulfurization and indirect
desulfurization depending on the operating temperature and the partial pressure of
CO2, which is different from that in air-fired condition. With high partial pressure
of CO2, the limestone can react directly with SO2, which is called direct desulfur-
ization. The efficiency of direct desulfurization is revealed to be lower than indirect
desulfurization due to the dense pores and low porosity of CaCO3 [20].

4.4 Heat Transfer and Load Distribution

The heat transfer characteristics are the fundamental basis for boiler design. Convec-
tive heat transfer of particles and gas is dominant in the dense zone of the fluidized
bed, and external heat exchangers (EHEs) can be the suitable choice to increase the
heating surface and ensure the stability of the furnace temperature [30, 31]. The
immersed heating tubes are adopted in EHEs, and their heat transfer coefficient is
larger than other heating surfaces [18, 32, 33].

In the oxy-combustion mode, the share of tri-atomic gases with a high emission
rate in the flue gas is higher than in the air mode, so the radiative heat transfer of the
flue gas increases at the same temperature. This difference is particularly apparent for
oxy-fuel pulverized coal furnaces with high combustion and flue gas temperatures.
However, for fluidized bed boilers, whether in the dilute phase region or the flue
duct, the enhancing effect of three-atom radiation on heat transfer is not significant
due to the lower flue gas temperature [18, 34].

Heat transfer in the dilute phase region is mainly dominated by gas convection and
particle radiation, while for flue ducts it is mainly carried out through gas convection.
Due to the increased proportion of tri-atomic gases in the oxy-fuel flue gas, the change
of physical parameters enhances the convective heat transfer performance, and the
heat transfer coefficient of each convective heating surface is higher than that of the
air-combustion mode [35, 36].

A dominant parameter of oxy-combustion fluidized bed is the inlet O2 concentra-
tion of the boiler, which directly relates to heat transfer characteristics, arrangement
of heating surfaces, and further influences boiler design. The oxy-fuel process can
be adapted to both newly designed and retrofit boilers, but in these two cases, there
will be significant differences in the selection of oxygen concentration. In the retrofit
case, it is necessary to minimize the modification of the original boiler structure,
especially for the heating surface. So, the key issue is to comprehensively consider
the impact of combustion mode on heat distribution, furnace temperature, and heat
transfer characteristics. An oxygen concentration of 27 to 30% is usually selected for



44 4 Oxy-Fuel Combustion in FBRs

Table 4.1 Pollutant emissions from oxy-CFB combustion with RFG—a summary

Authors Test
facility

Fuels Combustion
conditions

Remarks

Jia et al. [21, 22] 0.1 and
0.8 MWth
CFB

Anthracite,
bituminous coal,
petroleum coke

Air, 28~45%
O2/RFG

• NOx emissions were
lower than in air-firing
mode even at
temperatures as high as
950 °C in the fluidized
bed

• CO concentration was
the same for air firing
and oxyfuel firing with
flue gas recirculation
under CFBC conditions

Duan et al. [19] 50 kWth
CFB

Bituminous coal,
petroleum coke

Air, 21% O2/
RFG

• The Ca utilization rate is
higher in oxy-fuel
combustion than in air
combustion, and NO
emission is much lower
in oxy-fuel combustion

de las
Obras-Loscertales
et al. [23]

3 kWth
BFB

Anthracite coal 35% O2/65%
N2, 35% O2/
65% CO2
(simulated
RFG)

• The optimum sulfur
retention temperature
shifted from ~ 860 °C in
enrich air combustion
mode to 900~925 °C in
oxy-combustion mode

• About 65% of the
recycled NO was
reduced to N2, and steam
recirculation produced a
sharp decrease in NO
emission, and a slight
increase in N2O
emission

Li et al. [24] 1 MWth
CFB

Bituminous coal Air, 21~50%
O2/RFG

• Under 50% O2/RFG
combustion mode,
gaseous pollutant
emissions in mg/MJ unit
such as CO and NO are
lower than that achieved
by air combustion

• SO2 concentration
significantly increases
with levels up to three
times higher compared
to air combustion mode,
which may produce
considerably higher
corrosion concerns

(continued)
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Table 4.1 (continued)

Authors Test
facility

Fuels Combustion
conditions

Remarks

Moon et al [25]
and Nguyen et al.
[26]

100 kWth
CFB

Sub-bituminous
coal, lignite,
wood pellet

Air, 21~27%
O2/RFG

• SO2, NO, and CO
emissions during
oxy-combustion were
lower than during
air-combustion

• With an increasing
biomass co-firing ratio,
SO2, NO, and CO
emissions were also
reduced

Engin et al. [27] 30 kWth
CFB

Lignite Air, 21~28%
O2/RFG

• Flue gas recirculation
led to a radical decrease
in the emissions of NOx
(mg/MJ). Similarly, the
SO2 emission (mg/MJ)
decreased with an
increase in the excess
oxygen ratio (EOR) in
the oxy-combustion

Skopec et al. [28]
and Vodička et al.
[29]

30 kWth
BFB

Lignite, sewage
sludge, wood
pellet

Air, O2/RFG • Oxygen staging could be
used successfully to
reduce NOx emissions
in oxy-combustion mode

• The sulfur self-retention
performance of sewage
sludge, and SO2 capture
efficiency of limestone
both had a slight
increase in oxy-fuel
mode

the retrofitted PC boilers. A higher O2 concentration can reduce the impact of high
CO2 specific heat, keeping the flue gas temperature roughly consistent in both air and
oxy-combustion mode, thus maintaining approximately the same heat transfer coef-
ficient and heat distribution in both atmospheres [37]. For a retrofitted CFB boiler, it
is also necessary to seriously consider the difference in fluidization in both modes.
Increasing the oxygen concentration is conducive to maintaining the same average
temperature of the furnace, but without changing the ratio of fuel amount and excess
oxygen, it will inevitably reduce the total airflow and fluidized air velocity entering
the boiler, and will bring significant direct changes to the fluidization state, particle
distribution, solids recirculation fluxes, and heat balance in the fluidized bed [37,
38]. Switching between air and oxy-combustion without changes in fuel feed, heat
transfer, or furnace conditions is more challenging in a CFB. Therefore, when oxy-
fuel combustion is carried out in a retrofitted boiler, it is necessary to increase the
fluidization velocity by increasing the fuel feeding or reducing the heat extraction in
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a furnace. In addition, the author of this paper also provides a feasible solution, that
is, to change the particle size distribution of the bed material particles using slag-
ging, or adding fine ash, to maintain similar particle concentration and heat transfer
characteristics in the dilute phase of both modes. But for the back pass, no matter
which of the above methods is adopted, due to the change of flue gas temperature,
flow velocity, specific heat and radiation characteristics under oxy-fuel conditions, a
separate analysis is required for each heating surface, and the heat balance between
the two combustion modes is achieved by adding or short-circuiting a portion of the
heating tubes [39].

For the newly designed oxy-CFB boiler, the high O2 fraction can effectively
reduce boiler size and operating costs, however, the small furnace will bring a great
challenge to heat duty distribution and the layout of heating surfaces. The fluidized
bed has a large amount of high-temperature bed materials, which can be further used
with EHEs, making it easier to arrange the heating surfaces in CFB boilers than in
PC boilers. Figure 4.3 shows that the heat load proportion of EHEs increases with
O2 fraction in the combustion atmosphere [40]. For the oxy-CFB boiler, the heating
surfaces inside a furnace, including the water wall, wing and suspended panels, still
occupy the dominant heat duty share in a 24% O2/76% RFG atmosphere. When the
O2 fraction exceeds 50%, the EHEs become themost important heat extraction terms.
Usually, EHEs are connected after the loop seals, and a large circulating solid flux is
used to extract heat from the furnace to the EHEs [41]. However, the high circulating
solids flux will also lead to an increase in the tube’s wearing, so a trade-off must be
made between O2 fraction, the layout of the heating surface and the safety operation
of boilers. Unlike the traditional EHEs, which only use high-temperature particles
for heat exchange, a new device called an internal bed heat exchanger (IBHX) was
proposed by Southeast University and Babcock & Wilcox Power Generation Group
[42, 43]. The IBHX is connected to the dense phase of the furnace through some
specially designed channels. The coal char burns in IBHX and heats the bedmaterial,
and then the heat is extracted from the high-temperature bed material into the high-
pressure steam. The IBHX is reliant on solids internal to the furnace, so the location
of the heat exchanger is not dependent on alignment with the furnace exterior walls
and the outlet of a hot cyclone. According to the test results of 2.5 MWth pilot CFB,
the heat absorption capacity of a single IBHX can reach 17.5–20% of total thermal
input, which can effectively solve the contradiction of the heating surface layout
under a high O2 fraction.

4.5 Scale-Up and Demonstration Projects

Although a great number of lab-based studies have demonstrated the promise of
oxy-combustion techniques in terms of CO2 capture, further scale-up to industrial
application still needs to overcome some technical barriers, such as the heat duty
distribution in heating surfaces, and the operation strategies under different boiler
loads. This necessitates studies on pilot and larger-scale fluidized bed units. Typical
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Fig. 4.3 The share of
different heat extraction
terms normalized by the total
thermal power (278 MWth,
Data quoted from ref. [40])

0%

20%

40%

60%

80%

100%

H
ea

t d
ut

y 
sh

ar
e

Oxygen fraction

HEHE Hflue duct Hsuspended panel Hwater wall

Air mode Oxy-combustion mode

Air          24%        40%         60%        80%        100%

demonstrations of oxy-fuel fluidized beds are listed in Table 4.2. It can be seen that
the thermopower input of these oxy-combustion CFB facilities is mostly less than
1 MW, and only the IET, Alstom, Valmet of Finland and CIUDEN have MW-class
CFB facilities. The 10MWth (2MWe) unit at the Korea Institute of Energy Research
(KIER) is still under construction now and no further details have been reported.

CIUDENandFosterWheeler established theworld‘s largest oxy-CFBdemonstra-
tion power plant in 2012 and conducted a very comprehensive combustion test [16].
The operation time was up to 1300 h, including 920 h of the oxy-combustion test.
The results show that the switching process between air-combustion mode and oxy-
combustionmode is flexible. The highO2 fraction (24~40%) tests were conducted on
that platform in 2013–2014 [44], and after 14 days of continuous operation, thewhole
system worked smoothly with high oxygen combustion, the furnace temperature
could be flexibly controlled by changing the bed material circulation rate.

In comparison to the monoethanolamine (MEA) absorption method, which is
another widely used carbon capture technology in coal-fired power plants, oxy-fuel
combustion has certain economic advantages, even when considering boiler retrofit,
ASU & CPU equipment, and their operational costs. Vu et al. [45] conducted an
economic analysis based on a 500 MWe supercritical CFB power unit and found
that when employing MEA absorption and oxy-combustion for carbon capture, the
electricity generation efficiency decreased from 45% to 35.5% and 38.7%, and the
CO2 avoided cost in these two scenarios was 25 and 20 e/tCO2 respectively.

Although oxy-fuel combustion technology has certain advantages in terms of
economics, it is still not as flexible in operation as the MEA absorption method.
MEA absorption method only requires adding a bypass before the chimney, without
causing major impacts on the existing power plant equipment and operations. In
contrast, the combustion atmosphere and heat transfer characteristics have significant
changes in the oxy-fuel combustion mode, thus requiring specialized research and
design in these aspects.
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Table 4.2 Pilot and industrial scale oxy-combustion CFB units

Institutions Capacity
of boiler

O2 fraction
at boiler
inlet (%)

CO2 concentration
of flue gas (%)

Main research
fields

References

Fundacion Ciudad
de la Energia
(CIUDEN), Spain

30 MWth 24–40 ~ 80 Engineering
validation; heat
transfer;
pollutant
emissions;
combustion
mode switch;
agglomeration
and corrosion

[16, 44]

Valmet R&D
Center, Finland

4 MWth 21–28 82 Engineering
validation; heat
transfer;
pollutant
emissions;
combustion
mode switch

[18]

Alstom Power Inc 3 MWth 30–50 > 70 Engineering
validation; heat
transfer;
pollutant
emissions;
agglomeration

[46]

Southeast
University, China

2.5 MWth / / Heat transfer [42, 43]

50 kWth 21–40 93 Pollutant
emissions;
combustion
mode switch;
modeling

[15, 19]

Korea Institute of
Energy Research,
Korea

2 MWe / / Under
construction

[17, 26]

100 kWth 21–29 91.2–95.4 Heat transfer;
pollutant
emissions;
combustion
mode switch;
modeling

Institute of
Engineering
Thermophysics
(IET), Chinese
Academy of
Sciences

1 MWth 21–50 ~ 90 Heat transfer;
pollutant
emissions;
combustion
mode switch

[24, 47–49]

0.8 MWth 29 91 Pressurized
oxy-combustion;
combustion
mode switch

(continued)
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Table 4.2 (continued)

Institutions Capacity
of boiler

O2 fraction
at boiler
inlet (%)

CO2 concentration
of flue gas (%)

Main research
fields

References

100 kWth 21–55 84.1–93.9 Heat transfer;
pollutant
emissions;
combustion
mode switch;
modeling

CanmetENERGY,
Canada

1 MWth / / Pressurized
oxy-combustion

[50, 51]

0.8 MWth 21–29 81.8–86.9 Pollutant
emissions;
combustion
mode switch;
corrosion

[22, 52]

100 kWth 34–45 84.4–92.9 Pollutant
emissions;
combustion
mode switch

[21, 53, 54]

The University of
Utah, USA

300 kWth 27 / Pollutant
emissions

[55]

University of
Stuttgart,
Germany

150 kWth 26–36 89.5 Pollutant
emissions

[56]

VTT Technical
Research Centre,
Finland

100 kWth 24–31 70–80 Pollutant
emissions;
combustion
mode switch;
modeling

[39, 57]

Czestochowa
University of
Technology,
Poland

100 kWth 21–35 / Pollutant
emissions;
modeling

[58, 59]

University of
Zaragoza, Spain

90 kWth 20–40 / Pollutant
emissions; ash
deposition

[60, 61]

Tallinn University
of Technology,
Estonia

60 kWth 21–30 / Pollutant
emissions

[62]
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4.6 Challenges and Solutions

Recent advancements in oxy-fuel combustion technology have been focused on
enhancing efficiency, reducing operational costs, and addressing the challenges
posed by high-temperature operations. One notable development is the improve-
ment in oxygen production methods, such as cryogenic air separation and membrane
technologies, which have become more energy-efficient and cost-effective. These
advancements are crucial since oxygen production is a significant contributor to the
overall energy consumption of oxy-fuel combustion systems.

Unlike the lab- and pilot-scale CFBs that usually operate in a fixed load, the
industrial-scale oxy-CFB boilers must have good flexibility with a wide load range
to meet the demand of peak shaving for the power grid. A feasible operation strategy
is to combine an oxy-CFB boiler with an energy storage system, that is, the thermal
input of the boiler remains stable, and the spare electric power is used to produce and
store liquid oxygen [63, 64]. During the peak period of the power grid, turning down
the output of ASU reduces its electricity consumption, and releases the stored liquid
oxygen for fuel combustion. However, there is relatively rare research on another
solution strategy, which is to increase the proportion of RFG and reduce the O2

fraction of the combustion atmosphere in the low boiler load condition. The high
proportion of RFG increases the amount of primary gas and gas velocity in the dense
phase of the boiler, which ensures the stability of fluidization with a low load. The
reduction of O2 fraction also reduces the amount of fuel and heat input. The stability
of furnace temperature and high efficiency of combustion can be well ensured under
the low-load operation by reducing the circulating solids flux entering EHEs, thus
facilitating the oxy-CFB boilers with a wide load regulation range.

Both theoretical analysis and demonstration results show that excessive power
consumption in ASU and compression/purification unit (CPU) has become a key
barrier to the commercial application of oxy-combustion technology. For a conven-
tional coal-fired power plant, the net power efficiency will be reduced by at least
10% if it is converted to oxy-combustion mode [65]. In order to solve this problem,
researchers have proposed some novel concepts like pressurized oxy-combustion
and oxy-steam combustion.

Under the atmospheric oxy-combustion process, both the ASUs and CPUs are
operated under high pressure, while the combustion unit is operated under atmo-
spheric pressure, then the gas pressure fluctuation among ASU, boiler and CPU will
cause the energy loss and a great penalty in the net efficiency. So, the pressurized oxy-
combustion (POC) technology is proposed [66, 67]. Compared with the atmospheric
system, the POC systemavoids the power loss caused by pressure fluctuation. In addi-
tion, since the whole system is operated under pressure, air leakage can be effectively
eliminated, the concentration of CO2 in the flue gas can be increased significantly,
and the power consumption of the CPU is also reduced. At present, this technology is
still in its infancy, and due to the difficulty of high-pressure experiments, the current
research is mainly in the lab-scale.
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Different from the conventional oxy-combustion system, the oxy-steam combus-
tion technology uses water vapor instead of RFG to neutralize the high temperature
generated by the pure oxygen combustion of fuel [68, 69]. The energy consump-
tion of the water circulation pump is much smaller than that of the RFG fan, which
can reduce a considerable amount of energy. By analyzing the characteristics and
development history of oxy-combustion CFB technology, it can be concluded that
this technology has unique advantages for efficient and low-cost CO2 capture in
coal-fired power plants. The scientific research on oxy-steam combustion can effec-
tively promote the development and industrial application of large-scale CO2 capture
technology, which is very positive and important for achievingCO2 reduction targets.

Since its concept was proposed in the 1980s, the development of oxy-combustion
fluidized bed technology has gone through the stages of laboratory experimentation,
pilot testing, and industrial demonstration. This technology has evolved into one of
the most promising and economically viable carbon capture technologies for large-
scale coal-fired power plants. However, the high investment and operational costs
still hinder its widespread promotion. Furthermore, further research is needed on
the combustion mechanism, heat transfer characteristics, heat load distribution, and
matching ability with the peak shaving demand of the power grid.

Oxy-fuel combustion in FBR presents a significant advancement in the field of
carbon capture. However, the implementation of oxy-fuel combustion in FBRs is not
without its challenges. These include high operational costs,material durability under
high-T and high-O2 conditions, and the complexities of integrating carbon capture
systems. Addressing these challenges through innovative research and development
is key to unlocking the full potential of this technology.
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Chapter 5
Chemical Looping Combustion (CLC)
in FBRs

5.1 Introduction to Chemical Looping Combustion

To date, the chemical looping combustion (CLC) technology has been recognized as
a highly promising CO2 capture strategy for the combustion of fossil fuel attributed
to its inherent ability of CO2 separation (Fig. 5.1) [1]. The basic idea of CLC was
first proposed in the 1950s by Lewis and Gilliland as a way of producing CO2 with
high purity, which describes a concept similar to the current known CLC process
[2, 3]. Later, Richter and Knoche proposed in early 1983 a reverse reaction scheme
aiming to increase the thermal efficiency in fossil fuel-fired power plants, which is
pretty similar to the current CLC process [4]. Such a scheme is suggested to have two
intermediate reactions using a metal oxide (copper oxide, nickel oxide, or cadmium
oxide) as an oxygen carrier. The formal name of CLC was first nominated by Ishida
et al. in 1987 during their thermodynamic study on natural gas-fired power plants to
reduce exergy loss [5]. Seven years later, theCO2 capture feature has been highlighted
by Ishida and Jin by applying the CLC process for CO2 capture using Fe- and Ni-
based oxygen carriers [6]. However, the CLC technology was still on the documents
during those days. It is worth noting that the Grangemouth Advanced CO2 Capture
Project (GRACE) was the first trial that supported the CLC technology in Europe,
within which several hundred oxygen carrier materials have been investigated and
a 10 kWth CLC unit has been built for the continuous operation of CLC processes
[7]. Until 2011, More than 4000 h of operation experience had been achieved by
successfully demonstrating the technology of CLC on combustors in the size range
of 0.3–140 kWth [8]. Following these successes, CLC units from 1 to 3 MWth had
been built mainly with globally collaborative efforts [9, 10].
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5.2 Mechanics of CLC

TheCLCprocess is ideal to be carried outwith two interconnected reactors in terms of
an air reactor (AR) and a fuel reactor (FR). Oxygen carriers (OCs) which are usually
composed of metal oxides are circulated between two reactors in transferring oxygen
from the AR to the FR (see Fig. 5.2). During this looping process, the fuel in the FR
is oxidized by either the lattice oxygen of OCs or the molecular O2 released by the
OCs. Then, the O2-deficient OC in its reduced form is transferred into the AR where
it is oxidized by the air and replenished with oxygen. At the exit of the AR, the OCs
are separated and returned to the FR for the next cycle. In the FR, the fuel which may
be in the solid or gas phase is oxidized according to the reaction shown in Eq. 5.1:

(2n + m)MexOy + CnH2m ↔ (2n + m)MexOy−1 + m H2O + n CO2 (5.1)

In the AR, the OC is re-oxidized by the air according to the reaction shown in
Eq. 5.2.

MexOy−1 + 1/2O2 ↔ MexOy (5.2)

In such a reaction configuration, direct contact between the fuel and air is avoided.
Thereby the exhaust stream of the FR consists mainly of CO2 and H2O. The H2O
can be easily condensed, resulting in a pure stream of CO2 which can be pressurized
and sequestered. The stream from the AR exit contains mainly N2 and unreacted
O2. In the CLC technology, the conventional CO2 capture via gas–gas separation
step during or after the combustion process is avoided, which largely eliminates the
energy penalty during CO2 capture.

For large-scale continuous operation, the CLC technology is highly dependent
on the availability of OC materials concerning appropriate chemical and physical
properties, and more importantly, the suitable reactor system regarding the effective

Fig. 5.2 The CLC principle:
in a fuel reactor, fuel reacts
with lattice oxygen of OCs,
i.e. the metal oxide, or the
molecular O2 released by
OCs in a stoichiometric ratio
thereby reducing the OCs. In
the air reactor, the O2 in the
air oxidizes the OCs which
are subsequently recycled to
the fuel reactor for a new
cycle
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Fig. 5.3 Possible reactor concepts for chemical-looping combustion:afixedor packedbed reactors;
b rotary reactors (reprinted from ref. [18, 19] with permission of Elsevier); and c interconnected
FBRs with (a) carbon stripper and (b) oxygen polishing equips (from ref. [20], licensed under
CC-BY 4.0)

handling of a large amount of OC particles and circulating them between the FR and
AR with respectively different chemical environments. Summarily, three different
types of reactors have been designed to promote the CLC into practice (see Fig. 5.3),
including fixed or packed bed reactors operated by a gas-switching mode [11–13],
rotary reactors operated by a bed rotating [14–16], and interconnected fluidized beds
operated by circulating the OCs [17].

5.3 Oxygen Carrier Materials

Theoretically, CLC for burning a gaseous fuel, such as CH4 and syngas, is straight-
forward since the fuel could be easily fed to the FR and directly reacts with the
lattice oxygen from OCs. Therefore, the first continuous test for CLC used gaseous
fuel [21]. The major concern in the CLC for gaseous fuels is the fast decline of OC
reactivity and rapid loss of OC integrity during successive redox cycles, resulting in
poor fuel combustion performance and operation issues. The chemically synthesized
OCs such as the Fe-, Cu- and Mn-based ones exhibit very promising reactivity, and
some of them show relatively long lifetimes verified by pilot tests [22–25]. Thus,
for a given fuel rate, the CLC process by using synthetic highly reactive materials
requires a smaller solids inventory, which in turn leads to a smaller reactor. However,
the extremelyhigh cost of the chemically syntheticOCs associatedwith their sophisti-
cated production procedure and expensive raw feedstockmaterials makes their usage
prohibitive on large scale. The attrition, agglomeration and deactivation during the
operation of a practical CLC facility always happens, which leads to a large fraction
loss of the precious OCs. Another OC candidate is non-manufactured materials such
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as waste materials or natural ores, which are mainly represented by the redmud, iron,
manganese and ilmenite ore [26]. These OCs provide pretty low material cost, while
their reactivity toward gaseous fuel is much poorer than the synthetic OCs. Weak
reactivity of OCs means the interconnected-fluidized beds should be operated with
high circulation rates and very high solid inventory, which could be a big challenge
to achieve in a practical CLC system. If the reduction reactivity of OCs could be
increased while maintaining the oxygen transporting capacity, it would be possible
to reduce the circulation rate of OCs. Several methods including doping and pretreat-
ment have been used for reactivity enhancement of the ore-based OCs, while these
semi-synthetic OCs are expected to be demonstrated out of the lab [27–29].

In the case of using solid fuels, such as coal and biomass, which are more abun-
dant and cheaper than gaseous ones, the reaction between OCs and fuels becomes
extremely slow or even prohibited due to the kinetic limit for solid–solid reactions
[30]. To increase the reaction rate between solid fuels andOCs, twomajor approaches
have been proposed: in situ Gasification Chemical Looping Combustion (iG-CLC)
and Chemical Looping with Oxygen Uncoupling (CLOU) [31–33]. In the iG-CLC
process, solid fuels with steam and/or CO2 are introduced into the FR. During the
reaction, solid fuels are firstly gasified by steam and/or CO2 to produce CO and H2

as intermediate gaseous feedstock. Thus, the OCs can react with the gaseous inter-
mediates at promising reaction rates to make solid fuel combustion possible. In the
iG-CLC, the reaction rate of gasification between solid fuels and gasifying agents is
always slower than that of gas–solid reaction between OCs and volatiles or gaseous
gasification products. As a result, fuel gasification is the limiting step affecting the
overall fuel conversion rate in the FR. The CLOU approach can be regarded as an
improvement of the conventional CLCprocess. Themajor difference betweenCLOU
and conventional CLC processes is the mechanism for the oxidation of fuels in FR.
CLOU utilizes OCs, such as the Cu- and Mn-based ones as well as metal oxides
with perovskite structure, that can release gas-phase O2 in the FR under the reducing
environments with low O2 partial pressure, and the released O2 subsequently fully
oxidizes with solid fuels. In the AR, the OCs are re-oxidized by air, which is identical
to the conventional CLC process.

5.4 Design and Scale-Up Challenges

The OCs are crucial materials that link the functions of two reactors, and the proper
handling of the OC materials is of utmost importance. From the operational point
of view, interconnected fluidized beds are believed to have advantages over alterna-
tive designs. Firstly, the interconnected fluidized beds can easily create two or even
more segregated chemical environments functioning as FR or AR [34]. Secondly,
the interconnected fluidized beds which rely on the technique of fluidization excel in
transferring large amounts of solids between different reactors where diverse chem-
ical reactions can happen. Thirdly, the deployment of CFBs for power plants has the
added advantage that both large (> 350 MW) atmospheric and pressurized systems
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also exist, and so the technical challenges of developing interconnected fluidized bed
systems for a scheme of CLC operation are significantly reduced [35]. These years,
considerable research attention has been paid to the CLC technology which has been
demonstrated from lab and bench scale testing (< 5 kWth) to sub-pilot scale testing
(5–50 kWth) until pilot scale testing (50 kWth–1MWth), as listed in Table 5.1. Over
35 pilot reactors have been built using solid or gaseous fuels, however, most of them
are based on units of interconnected fluidized beds [36–38]. It is worth mentioning
that Lyngfelt A and Leckner B, have successfully designed a 1000 MWth boiler for
chemical looping combustion of solid fuels, which strongly demonstrated the suitable
design of the reaction systems and promising cost benefits of the CLC technology
for CO2 capture.

Moreover, from a chemical reaction point of view, using FBRs for CLC operation
also exhibits obvious advantages. The fluidized bed FR shows less risk of carbon
formation. The carbon formation normally happens when the OCs, e.g. NiO, are
deeply reduced. The reduced OCs, i.e. metallic Ni, function as a catalyst and the
carbon formation reaction initiates on its active sites. In the fluidized reactor, the
rapid mixing and the fast movement of the solids make the solid components in the

Table 5.1 Representative units for CLC using interconnected fluidized beds

Centre and
location

Unit
(kWth)

Air reactor Fuel reactor Ref

Chalmers,
Sweden

10 Turbulent fluidized bed
and a pneumatic riser

Bubbling fluidized bed [39]

SEU, China 10 A single riser Spouted bed [40]

SEU, China 1 A single riser Spouted bed [41]

CSIC, Spain 0.5–1.5 Bubbling fluidized bed
and a pneumatic riser

Bubbling fluidized bed [42, 43]

TU Hamburg,
Germany

25 A single riser Two-staged bubbling
fluidized bed

[44]

Chalmers,
Sweden

100 Turbulent fluidized bed
and a pneumatic riser

Turbulent fluidized bed [45]

TU Darmstadt,
Germany

1000 A single riser Circulating fluidized bed [9]

SEU, China 50 A single riser Fast fluidized bed [46]

CSIC, Spain 50 Turbulent fluidized bed
and a pneumatic riser

Turbulent fluidized bed [47]

HUST, China 5 Turbulent fluidized bed
and a pneumatic riser

Bubbling fluidized bed [48]

HUST, China 50 Turbulent fluidized bed
and a pneumatic riser

Bubbling fluidized bed [49]

VTT, Finland 20 Turbulent fluidized bed
and a pneumatic riser

Bubbling fluidized bed [50]

SEU, China 5 A single riser A spouted bed and a
bubbling fluidized bed

[51]
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whole bed highly uniform. Thus, the fuel can always encounter a portion of OCs in
its oxidized state, which lowers the risk of carbon formation. While in the reactors
as a fixed bed, the OCs at the bed entrance are immediately and fully converted into
the reduced OCs at the beginning of the reaction, resulting in a permanent catalytic
zone at the entrance and leading to severe carbon formation followed by complex side
reactions. Besides, higher CO2 selectivity can be achieved by using an FBR. An ideal
reactor design should allow the whole OCs reduction period, i.e. the fuel oxidation
period, to generate mostly CO2 while keeping the unburnt species such as CO and
CH4 as low as possible. Due to the highly uniform solid composition within the bed,
the fluidized bed can minimize the possible side reactions and thus maximize the
CO2 selectivity. Moreover, the fluidized bed can offer nearly isothermal and isobaric
conditions throughout the reactor attributed to the rapidmixingof solids and the active
mixing of the solids and gases. For a given reaction, great temperature fluctuations
will lead to the generation of hot and cold spots where the reaction becomes strongly
unstable. Thus, the uniform bed temperature in the fluidized bed guarantees stable
fuel combustion in the endothermic FR and also alleviates the thermal shock on the
OCs in the AR. Meanwhile, the FBR with excellent solid mixing provides uniform
pressure distribution, which keeps the reaction rate nearly constant, and subsequently
minimizes the risk of reaction-induced temperature fluctuations.

The challenges for operating interconnectedfluidizedbedsmainly lay in the appro-
priate oxygen supply to the fuel reactor, heat generation, temperature, and pressure
controls, as well as the control over global and internal solid circulation rates [20].
In particular, the following several specific criteria should be carefully considered
for the design of a CLC system based on interconnected fluidized beds. Firstly, the
circulation rate for OC between the FR and AR as well as the solid inventory in the
respective reactors must be optimized since the rates of the reactions in FR and AR
are significantly different. During CLC processes, the chemical reactions happening
in different reactors are not the same, thus their reaction rates and heat-releasing
behaviors are different. This imposes difficulty in the management of OC circulation
between reactors. The rate of the reaction between the fuel and OC determines the
amounts of OC solids needed for the FR. If the reaction rate is high enough, the
amount of OC solids needed by the FR is low, otherwise, more OC solids are needed
for a reaction with a low reaction rate in the FR.

Also, for a given reaction rate of the OC, more OC is needed in the FR if the
oxygen-carrying capacity of theOC is low, which guarantees the transfer of sufficient
oxygen from the AR to the FR. Therefore, both the solid circulation rate and the solid
inventory shouldmatch the oxygen-carrying capacity of theOC and the reaction rates
in the individual reactor. The reactions in the AR are always much faster than those
in the FR, and the gas velocity in the AR usually provides the driving force for solid
circulation. Thus, fast fluidization is normally adopted for the AR, and bubbling
fluidization is chosen for the FR in order to well control the solid circulation rate,
obtain a reasonable solid residence time and optimize the reactor size. The inventory
of bubbling bed FR can be controlled by simply varying the bed height. Depending
on the types of OC and fuels, the primary reaction happening in the FR (Eq. 5.1)
can be either endothermic or exothermic. In most cases especially using CH4 as fuel
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with Fe- and Ni- based OCs, the reaction in the fuel reactor is endothermic. In such a
case, the OCs not only transfer the oxygen from the AR to FR but also take the heat
from the former to the latter to have the FR reach a sufficient temperature. Hence,
the AR is usually operated at a higher temperature than the FR.

Secondly, the release of unconverted gaseous fuels from the FR and the transfer
of unconverted solid fuels from the FR to the AR during the CLC of solid fuels
should be prevented in order to maintain high fuel conversion and CO2 capture
efficiency. Normally, the complete conversion of the gaseous fuels, such as volatiles
and gasification products, is impossible, and the full conversion of the char in the FR
is even more prohibitive due to the slow gasification reaction rate. The unconverted
gaseous fuels will likely leave the FR resulting in waste. With this regard, oxygen
polishing has been proposed in which pure oxygen will be introduced into the outlet
of the fuel reactor to fully oxidize the unconverted gaseous fuels [52]. In some
cases, the unconverted gaseous fuels will be separated from CO2 in connection with
CO2 liquefaction and recycled to FR. Besides, the unconverted char will likely be
transferred from the FR to the AR along with the OC circulation. As a result, the
unconverted char will be burnt in the AR which significantly lowers the CO2 capture
efficiency. In such a situation, a carbon stripper can be introduced to separate the
unconverted char particles from the OCs, and the char can be transferred back to the
FR. In the carbon stripper unit, achieving an effective separation betweenunconverted
char and OCs is based on their different fluidization behaviors. Since the density of
unconverted char is always much lower than the OC, at the same time, its particle
size is smaller, the char particles have much lower terminal velocities. When the
gas velocity in the carbon stripper has been optimized, the elutriation rates of the
unconverted char and OCs can be differentiated leading to the successful separation
between them. The first carbon stripper in continuous operation has been designed
to be integrated with a fuel reactor of the 10 kWth chemical-looping combustors
from Chalmers University, while, it has been finally concluded to be inefficient (see
Fig. 5.4a) [39, 53, 54]. Then, a newly designed carbon stripper with four chambers
was installed after the FR had been implemented in the 100 kWth unit fromChalmers
University, which is demonstrated to be effective for increasing fuel conversion (see
Fig. 5.4b) [36].

Thirdly, how to properly handle the ash in the FBRs is a great challenge for the
CLC of solid fuel. The ash of solid fuels no matter whether in iG-CLC or CLOU
processes is always mixed with the OC before and after the ash discharging. The
issues raised by the ash include contaminating the OC, bed agglomeration, corrosion,
and fouling of heat-transfer surfaces and making the separation of OC harder. For the
fuels containing very aggressive ash components such as K, Na, Ca, etc. fuel mix is
often a good way to neutralize the danger to the boiler and minimize damage to heat-
transfer surfaces and OCs. When the ash has accumulated to a critical level in the
reactors, it has to be discharged. It is straightforward to discard ash and OC together
from the FBRs. However, this inevitably results in a significant loss of the OC and
thus a high operating cost penalty. Therefore, materials with extremely low cost are
preferred for the CLC of solid fuels compared to the ones prepared by synthetic
methods. Currently, the magnetically separable OCs have become a focus since they
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Fig. 5.4 a Top and front views with the particle circulation directions of the FR installed with a (2)
carbon stripper of the 10 kWth chemical-looping combustors from Chalmers University (reprinted
from ref. [39] with permission of Elsevier); b the newly designed carbon stripper with four chambers
installed on the 100 kWth chemical looping unit from Chalmers University (reprinted from ref. [36]
with permission of Elsevier)

hold the potential to be separated from the ash by magnetism [55]. The magnetic
separation would be easier for extracting the OC from the biomass ash since it is rich
in nonmagnetic oxides of Ca, Mg, Na, K, and P. However, coal ash consists of oxides
of Fe exhibiting magnetic properties, which may mess up the magnetic extraction of
the OCs from their ash mixture.

5.5 Case Studies and Performance Evaluation

The very pioneering reactor configuration proposed by Lewis and Gilliland along
with the first invention of the CLC technique is interconnected fluidized beds with
pneumatic transport lines [56]. To date, most of the experimental investigations for a
continuous CLC test heavily rely on the interconnected FBR system. In such a CLC
reactor system, the gas velocity in the AR provides the driving force for the solid
circulation, and fast fluidization can be adopted for the AR as the reaction for OCs
re-oxidation is always much faster than their reduction in the FR. The air reactor is
usually designed as a riser itself or an upper riser with a bottom bed. In general, the
difficulties in the design of the CLC reactor system lie in the fluidized bed of FR
rather than that of AR. The major difference among the CLC systems already built
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based on interconnected fluidized beds is the types of FR. The frequently applied
configurations chosen for the FR include a bubbling fluidized bed and a CFB.

For continuous operation, one of the most representative interconnected fluidized
bed systems for CLC is the 10 kWth laboratory unit built by Chalmers University
[21]. As shown in Fig. 5.5a, such a CH4-fueled reaction system is composed of two
interconnected fluidized beds which are a high-velocity riser functioning as the AR
and a low-velocity bubbling fluidized bed as FR. The bed material, typically metal
oxides functioning as the OCs, is circulated between the two fluidized beds. Later,
this reactor system was adapted to a new unit aiming at burning solid fuels, as shown
in Fig. 5.5b [39, 54]. The most important modifications to this unit are in the fuel
reactor chamber with the inclusion of an additional solid recirculation loop. In the
new system, the fuel reactor has been divided into three chambers: a low-velocity part
where the fuel particles can be devolatilized and gasified, a carbon stripper to separate
unreacted coal particles from the oxygen carrier particles, and a high-velocity part to
help char particles back to the fuel reactor via a small cyclone fitted at the entrance
to the fuel reactor [58].

The air reactor was a high-velocity fluidized bed connected to a riser to bring the
oxygen carrier particles back to the fuel reactor. The most representative character
of this Chalmers’ CLC unit is using the bubbling bed as the FR, which has also
been adopted by several CLC units in other research institutes such as the 500 Wth
unit at CSIC and the 10 kWth unit at IFP Energies Nouvelles [42, 44]. However,
several inherent issues as discussed below have been considered for the bubbling
bed FRs: (1) the FR with a bubbling bed suffers from fuel gas bypassing through
the bubble phase due to the coalescence of bubbles during the bubble growth, thus
reducing the fuel conversion. As a result, the escaped unreacted gas has to be burned
by “oxygen polishing” [59], which increases the cost and the complexity of the
system; (2) the effective reactions between the gaseous gasification products and the
OCs in the freeboard are rare caused by the insufficient solids holdups, leading to a
poor reaction between fuel and OCs; (3) when burning solid fuels with much small
particle size, the char elutriation in the bubbling bed will be serious, reducing further
the fuel conversion [60].

These issues may be alleviated by increasing the solid inventory, while the
increased risk of slugging and the decreased stability in fluidization will be encoun-
tered accordingly. With these regards, the 1 and 10 kWth CLC units in Southeast
University have used a spout-fluidized bed as the FR instead of a bubbling bed, in
which the solids mixing is intensified and the fuel residence time is prolonged. As
a result, the fuel gasification reaction as well as the reaction between gasification
products and OCs are intensified, while slugging in the FR has been observed due
to the large solid inventory [40, 41]. To obtain a higher fuel conversion, it is worth
mentioning that a two-staged bubbling bed has been adapted as the FR in a 25 kWth
CLC unit at the Hamburg University of Technology (see Fig. 5.6a), which is a bit
similar to the original design of the CLC system by Lewis and Gilliland [44]. In this
unit, the solid fuel in the lower bed of the FR is gasified largely, and the gaseous
gasification products generated from the lower bed are converted in the upper bed by
the freshly oxidized OC, thus the fuel conversion has been improved. Another option
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is the circulating FRwith a very pioneering design proposed by Pröll et al. They have
designed a riser with disturbance elements to create higher particle concentration in
the riser (see Fig. 5.6b) [61].

In contrast, the CFB operated at a higher fluidization regime than the bubbling
fluidized bed can provide amuch better gas–solid contact along the axis of almost the
whole bed, resulting in a more even and complete reaction in the reactor. Moreover,
both fine and coarse particles can be effectively operated in the CFB, while the
fine particles are not desirable to be used in a bubbling fluidized bed. Although the
process control of a CFB is a bit more complex than the bubbling one, the scale-up
potential of the former is much higher than the latter as CFB boilers are a fully
proven technology for the conventional combustion of solid fuels. Therefore, a CFB
has been proposed as a promising reactor configuration for the design of FR. At first,
a 120 kWth CH4-fueled bench scale CLC unit combining two circulating FBRs was
built and successfully operated at theViennaUniversity of Technology (see Fig. 5.7a)
[62]. In this system, two circulating FBRs are interconnected via a fluidized loop seal
in the bottom region of the reactors (lower loop seal). The entrainment of the left-
hand side primary reactor (i.e. the AR) determines global solids circulation. The
solids are separated from the AR exhaust stream in a cyclone separator and pass over
through a fluidized loop seal (upper loop seal) into the right-hand side secondary
reactor (i.e. the FR). From there, the global solids loop closes via the lower loop seal.
The FR features a circulation loop in itself (AR cyclone and internal loop seal) and is
optimized with respect to good gas–solid contact and low particle attrition rates. The
global circulation rate can be controlled by staged fluidization of the AR. The direct
hydraulic communication of the two CFB reactors allows stable solids distribution
in the system as long as the lower loop seal is designed to be large enough to not
significantly hinder solids flow. Imposing moderate pressure differences between the
two reactors change the theoretical solids levels in the system. This can be done by
changing the backpressure from the exhaust gas lines, allowing active control of the
solid hold-up in each reactor.

Later, a 1 MWth CLC pilot plant designed using a dual CFB was built at Tech-
nische Universität Darmstadt and successfully operated, which was the largest CLC
unit worldwide at that time (see Fig. 5.7b) [9]. The use of a CFB as FR can decrease
the necessary amounts of OCs in the system due to the better gas–solid mixing, while
the residence time of the solid fuel in the FR will also be decreased compared to the
FR of bubbling fluidized bed. The shorter fuel residence time is unfavorable for the
char gasification reaction, i.e. the rate-limiting step of the overall fuel conversion.

5.6 Future Directions and Research Needs

After a development of more than a decade, a lot of pilot CLC units using intercon-
nected fluidized bed systems for burning gaseous or solid fuels have been established.
The successful design of an industrial-scaled CLC system is primarily related to
the achievement of a stable operation between the interconnected FBRs, especially



5.6 Future Directions and Research Needs 67

F
ig
.5
.6

a
T
he

tw
o-
st
ag
ed

bu
bb
lin

g
be
d
of

th
e
C
L
C
sy
st
em

by
T
ho
n
et

al
.
(r
ep
ri
nt
ed

fr
om

re
f.
[4
4]

w
ith

pe
rm

is
si
on

of
E
ls
ev
ie
r)
an
d
b
th
e
ne
w
ly

de
si
gn

ed
flu

id
iz
ed

re
ac
to
rs
by

Pr
öl
le
ta
l.
(r
ep
ri
nt
ed

fr
om

re
f.
[6
1]

w
ith

pe
rm

is
si
on

of
E
ls
ev
ie
r)



68 5 Chemical Looping Combustion (CLC) in FBRs

F
ig
.5
.7

a
12

0
kW

th
du

al
C
FB

C
L
C
re
ac
to
r
sy
st
em

(L
L
S:

5
lo
w
er

lo
op

se
al
,U

L
S
5
up

pe
r
lo
op

se
al
,S

R
-I
L
S
5
se
co
nd

ar
y
re
ac
to
r
in
te
rn
al

lo
op

se
al
)
bu
ilt

in
V
ie
nn
a
U
ni
ve
rs
ity

of
Te
ch
no
lo
gy

(r
ep
ri
nt
ed

fr
om

re
f.
[6
2]

w
ith

pe
rm

is
si
on

of
E
ls
ev
ie
r)
;b

1
M
W
th

ch
em

ic
al
lo
op

in
g
pl
an
td

es
ig
ne
d
w
ith

a
du

al
C
FB

bu
ilt
-i
n

Te
ch
ni
sc
he

U
ni
ve
rs
itä
tD

ar
m
st
ad
t(
re
pr
in
te
d
fr
om

re
f.
[9
]
w
ith

pe
rm

is
si
on

of
E
ls
ev
ie
r)



5.7 Ending Remarks 69

concerning loadflexibility [63]. Possible challenges in the part-load operation ofCLC
systems include maintaining the heat balance of the system under reduced thermal
input to the system and operational issues associated with the reduced gas flow rates
into the reactors [64]. Therefore, a complete understanding of the dynamic behavior
of interconnected fluidized bed systems is of paramount importance to successfully
implement the CLC technology. Besides, the compositions of solid fuels, in practical
applications, are muchmore complex than those of gaseous ones. A critical issue that
has been seen is associated with the release of alkali metals from biomass-based solid
fuels [65]. These alkali metals easily induce bed agglomeration and the OCs deacti-
vation. Besides, the fouling and corrosion issues appear to be the biggest concerns,
which require a systematical study from themechanism to thematerial selection until
the reactor design. Another concern in burning solid fuels is achieving a suitably high
fuel conversion in the FR. This requires excellent mixing between OCs and fuels no
matter the original gaseous fuels or the intermediates released from solid fuels.

In some cases, a moving bed has been adopted for FR to increase the solid resi-
dence time and to extend the chance of contact between fuel and OC, which has
achieved a very smooth continuous operation in pilot scale [66]. Besides, the sepa-
ration of unburned char, ashes, and OC has to be better developed in order to achieve
a stable operation of the CLC system. In addition, the conversion of gas is always
not complete, as a result; oxygen is required for final burnout. Thus, better contact
between gas andOC, preferably in plug flow, is needed. Until now, theCLCoperation
on a commercial scale has not been demonstrated yet. More operational validations
at a unit with a larger scale are highly desirable.

5.7 Ending Remarks

CLC is one of the most innovative technologies in CO2 mitigation with the inherent
ability of CO2 capture when burning various regular fuels. Interconnected fluidized
beds have been considered the most promising reactor for operating the CLC
processes. In this chapter, the principal of CLC has been introduced and the current
progress of reactor design with a special focus on the interconnected fluidized beds
has been overviewed. After a development of more than a decade, although the CLC
technology has been operated in various reactor systems from lab and bench scale
testing to sub-pilot scale testing until pilot scale testing, it still has not been well
demonstrated in the conditions close to the industrial scenario. With several case
studies dealing with the CLC operation in interconnected fluidized beds, the future
research directions as well as various technical concerns have been highlighted.
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Chapter 6
Calcium Looping in FBRs

6.1 Introduction to Calcium Looping

The calcium looping process, an emerging technology in carbon capture, hinges on
the reversible reaction of calcium oxide (CaO) with carbon dioxide to form calcium
carbonate (CaCO3) [1]. This process occurs in two primary stages: the carbonation
stage, where CaO reacts with CO2 to capture it as CaCO3 (Eq. 6.1), and the calcina-
tion stage, where the CaCO3 is heated to release the captured CO2 and regenerate the
CaO sorbent (reversed Eq. 6.1). The ability of calcium looping to effectively capture
CO2 from large-scale emissions sources, such as power plants and industrial facili-
ties, makes it a promising technology for combating climate change [2]. Figure 6.1
illustrates the roadmap for the development of the calcium looping technology.

CaO+ CO2 = CaCO3 (6.1)

The use of CaO to absorb CO2 can be dated back to the eighteenth century
while the concept of Calcium Looping (CaL), i.e., repeatedly absorbing CO2 by
CaO, was investigated around the 1950s when Gorin and Shannon [3] patented a
process that separates CO2 in the coal-gasification gas in order to generate purer
hydrogen. This process was not commercialized because of its low competitiveness.
CaL attracted more attention due to the need to remove CO2 from the flue gas.
Shimizu and coworkers described this process in a relatively complete form [4]. CaL
has attracted more attention since and then became a well-documented efficient tech-
nique for CO2 capture from flue gas. Later, many pilot- to demonstration-scale (i.e.,
from 1 kWth up to 1.9 MWth) units were built, with attempts to industrialize this
process. The development of CaL is summarized in Fig. 6.1 and Table 6.1. CANMET
Energy reported the first demonstration of CaL with continuous sorbent looping, by
using a 75 kWth dual fluidized bed system composed of an oxy-fired CFB calciner
and a bubbling fluidized bed carbonator [5]. The University of Stuttgart successfully
demonstrated the CaL process in a 10 kWth lab-scale dual fluidized bed unit, then
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Fig. 6.1 Development of calcium looping

upscaled the system to a 200 kWth three fluidized bed facilities [6, 7]. The CaL
process, comprising a turbulent fluidized bed carbonator and a CFB regenerator,
demonstrated excellent flexibility under both high and low plant capacity factors.
The design of such a 200 kWth pilot-scale unit maximizes the operating flexibility
and allows operating at the realistic CO2 capture condition. TU-Darmstadt built a
1MWth pilot plant using two interconnected CFB reactors. A CO2 capture efficiency
of higher than 80% was achieved under various operating conditions for more than
2000 h operation [8]. On the grounds of the design and operation experience gained
from a 30 kWth bench-scale unit for CaL process [5], the Instituto Nacional del
Carbón—Consejo Superior de Investigaciones Científica (INCAR-CSIC) success-
fully developed a pilot-scale 1.7MWth plant that comprises two interconnected CFB
reactors [9]. ACO2 capture ofmore than 90%has been demonstrated in the 1.7MWth
plant operated under conditions close to a real-scale unit [10]. Industrial Technology
Research Institute (ITRI) designed a 1.9 MWth CaL pilot plant that includes a rotary
kiln calcinatory and demonstrated the feasibility of integrating the CaL process into
cement production [11]. After 300 h of continuous operation in a cement manufac-
turing plant, such a CaL system achieved a CO2 capture efficiency of 85% as well
as a capture rate of higher than 1 tCO2/h.

6.2 Process Fundamentals

As shown in Fig. 6.2, the CaL process typically employs dual-FBRs for the regener-
ator and carbonator to continuously conduct the calcination and carbonation reaction
to cofacilitate an in-situ CO2 capture from flue gas [2]. In general, CaL is a temper-
ature swing process. During each CaL cycle, the calcination of calcium carbonate
is firstly conducted at temperatures above 900 °C with its energy supplied by oxy-
fuel combustion, leading to the generation of a CO2-rich flue gas stream ready for
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Fig. 6.2 Schematic diagram
of the calcium looping
process (from ref. [13],
licensed under CC-BY 4.0)

sequences. The calcined CaO-based sorbent is then used for CO2 capture at a temper-
ature around 650 °C in the carbonator, which produces CO2-lean flue gas after CO2

capture. Carbonation has been noted with a rapid initial rate, followed by a remark-
able decline to a very slow reaction rate due to the inefficient mass transfer and
heat transfer resistance associated with the yield of CaCO3 product layer [12]. In
contrast, calcination was demonstrated to complete rapidly in minutes. Particle size
of limestone, partial pressure of CO2, and operation temperature were documented
as important factors that largely affect the kinetics of both reactions.

6.3 Sorbent Development

Sorbent deactivation over cycles manifests an inevitable issue of CaL. As a result
of sintering, sulphation, and attrition, sorbent deactivation leads to a remarkable
decrease in CO2 capture efficiency. Previous studies showed that the conversion rate
of CaO in the limestone abruptly decreased to ~ 0.15 within ~ 20 cycles [14]. To
counteract the performance decay of sorbents, two typical strategies can be summa-
rized: (1) pretreatment of natural limestones, and (2) the development of synthetic
sorbents. A make-up stream is widely used to refresh the spent sorbents, which
has been demonstrated to enhance sorbent cyclic reactivity by increasing porosity.
However, the friable nature of hydrated sorbents can negate the merit of reactivation
because they could break up into fine particles, which could be easily entrained out of
the FBRs. Thermal pretreatment manifests another widely-used strategy to improve
the reactivity of natural limestone. Previous research [15] has proved that thermally
pretreated limestone particles could retain high reactivity over up to a thousand
cycles. Nonetheless, the attrition resistance of the particles was markedly reduced.
Though MgO intrinsically shows lower CO2 uptake than CaO, doping pretreatment
of Ca-based sorbents by dolomites and magnesites has been suggested to exhibit
superior long-term CO2 reactivity [2]. The incorporation of MgO can not only main-
tain the porosity during the carbonation process, but also lead to less sintering of
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particles because of the higher melting point of MgO. Synthetic sorbents are widely
investigated with higher CO2 uptake and faster reaction kinetics than that of natural
limestone owing to their high surface areas and favorable pore size distributions. In
general, synthetic sorbents were prepared by dispersing CaO across an inert matrix,
such as mayenite and γ-Al2O3. Pacciani et al. [16] found the synthetic CaO/mayenite
showed stable porosity throughout the cycling test. Florin and Harris [17] attributed
the faster CO2 capture kinetics of synthetic sorbents to a solid-state diffusion mech-
anism. Despite that, synthetic sorbents cannot get rid of the attrition problem when
applying them in CFBRs. Pelletization of synthetic materials has been demonstrated
to alleviate this problem. By using calcium aluminate cement as binders, existing
work manifested the promise of palletization to improve the attrition resistance of
synthetic sorbents [18].

6.4 Economic Viability and Environmental Benefits

In comparison with oxy-fuel combustion and amine scrubbing systems, CaL tech-
nology reveals remarkable advantages in terms of efficiency penalty and environ-
mental benefits. Regarding the oxy-fuel power plant, the net efficiency would be
largely reduced by 8–12% points, mainly applied to the O2 production through
cryogenic air separation20 [19]. In contrast, for the CaL process, although oxy-
fuel combustion has to be used in the regenerator, only some portion of the fuel
is burned in an O2-rich environment. As estimated by Shimazu et al., the calciner
burns about 45% of the total fuel [4]. As a result, 30–50% less O2 is required for
oxy-fuel combustion in the calciner of CaL system in contrast to the oxy-fuel power
plant, thus leading to a smaller size of the air separation unit and less O2 leakage
risk. The projected efficiency penalty of the CaL process accounts for 2.6–7.9%
points, which is also significantly lower than the amine scrubbing system if refer-
ence MEA solvent is employed (9.5–12.5% points) [20]. In addition, in contrast
to low-temperature CO2 capture processes, the heat for temperature swing in CaL
can be easily recovered to produce high-pressure steam for electricity generation
[21]. Concerning CaO sorbents for CO2 capture, natural sources like limestones
and dolomite are cheap in price and globally available. More than that, CaCO3 and
CaO are much more friendly to the equipment and environment than amine-based
solvents, which may cause equipment corrosion and environmental disposal issues.
The average operating cost of CO2 avoided by the CaL process is estimated to be
$29–50/tCO2, exhibiting higher economic viability than that by amine scrubbing
($50–74/tCO2) [22] and Oxy-fuel combustion ($35–72/tCO2) [23].
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6.5 Operational Insights and Case Studies

Operational parameters play a pivotal role in the efficiency of calcium looping in
FBRs. Key parameters include temperature, pressure, gas flow rates, and the resi-
dence time of the sorbent in both the carbonation and calcination stages. Optimizing
these parameters is essential to maximize CO2 capture while minimizing energy
consumption and sorbent attrition. The selection of operational parameterswas found
in an awkward dilemma, wherein the CO2 capture performance was restricted by the
thermodynamic limitations, while the CaL process efficiency should be maximized
and the reactor sizeminimized simultaneously. The first issue is to regulate the reactor
temperature within the proper range under realistic operating conditions, which act
as a determining factor on the operation stability and CO2 capture efficiency of the
CaL process. In general, the low-end temperature of the calciner is determined by the
desired partial pressure of the CO2 stream, while the high-end operation temperature
of the calciner is limited by the sorbent sintering performance. Increasing tempera-
ture in calciner could attain high combustion and calcination efficiency, while excess
higher temperature would also lead to larger heat demand and sorbent sintering
problems. Flue gas recirculation was in general used to regulate the temperature.

The control and optimization of these operational parameters are facilitated by
advanced process control systems. These systems can adjust the operating condi-
tions in real time based on the feedstock characteristics, sorbent performance, and
desiredCO2 capture efficiency.Moreover, the integration of real-timemonitoring and
data analytics tools can help in predicting the behavior of the system under varying
conditions, enabling proactive adjustments and minimizing operational disruptions.

Another operational aspect is the selection and preparation of calcium-based
sorbents. The performance of calcium looping significantly depends on the reac-
tivity and stability of the sorbents. Ideal sorbents should exhibit high CO2 capture
capacity, rapid reaction kinetics, and durability over multiple carbonation and calci-
nation cycles. Research into various forms of calcium oxide, including naturally
occurring limestone and synthetic sorbents, is crucial to identify the most effective
materials for FBR applications.

ITRI implemented this technique in the 1.9MWth CaL pilot plant, which resulted
in a more uniform temperature distribution in the calciner, thus increasing the usable
length for calcination [24]. INCAR-CSIC introduced removable cooling bayonet
tubes into the 1.7 MWth CaL pilot plant to regulate the temperature carbonator [25].
Based on the experimental results conducted in the 200 MWth CaL pilot plant, as
shown in Fig. 6.3, the University of Stuttgart proved that a staged oxidant supply
was able to provide smooth temperature profiles in the CFB calciner [7].

Another important concern is the manipulation of solid inventories between CaL
reactors. An experimental campaign by ITRI in the 3 kWth CaL pilot plant high-
lighted that low solid inventory was detrimental to CO2 capture efficiency while high
solid inventories would require more heat supply to the regenerator, thus increasing
the operation cost [11]. As reported by the 30 kWth bench-scale CaL unit devel-
oped by INCAR-CSIC, solid inventories and looping rates were regulated by the
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Fig. 6.3 200 kWth DFB pilot plant configurations at the University of Stuttgart with staged oxidant
supply (reprinted from ref. [7] with permission of Elsevier)

high-efficiency cyclones in synergy with BFB loop seals. However, a loss of solid
inventories was found due to the insufficient cyclone separation efficiency, there-
fore, risers of both the regenerator and carbonator were further extended to attain the
dynamic looping operation. The Darmstadt University of Technology incorporated
screw conveyors in the 1 MWth pilot plant to manipulate the solid transfer between
two interconnected CFB reactors (see Fig. 6.4), which was said to control the solid
circulation rate accurately and flexibly under different load conditions [26].

By doing so, flue gas and solid circulation between reactors were decoupled, thus
facilitating the operation of theCaL system to cater to the fluctuation of flue gas loads.
Similarly, the University of Stuttgart deployed the screw conveyor in synergy with
loop seals in the 200 kWth pilot plant to control the solid looping rate. Such screw
conveyors, however, could be mechanically impractical considering large solid loads
in commercial scale reactors [20]. Varying inlet gas velocity of the carbonator was
well-documented and exhibited an appreciable impact on the particle entrainment rate
and the stability of dense solid region. To maintain the hydrodynamics of carbonator
and CO2 capture efficiency at high inlet gas velocity, recirculating solid to the bed
bottom and staging flue gas at different bed heights should be further implemented.
Moreover, the supply of large heat flow to the calciner is still a challenging task to
achieve the desired calcination efficiency. For the case of the oxy-fuel combustor,
sufficient solid inventories and circulation rates are necessary to prevent the formation
of hot spots. Namely, proper control of solid inventories of industrial-scale CaL
system would be confronted with more challenges and energy penalties.
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Fig. 6.4 Schematic diagram of the 1 MWth CaL system at Darmstadt University of Technology
(reprinted from ref. [26] with permission of Elsevier)

6.6 Challenges and Prospective Solutions

Because of sintering, attrition and sulphation under temperature swing and cyclic
operation, sorbent deactivation remains the primary challenge of CaL technology.
As highlighted in Sect. 5.3, extensive studies have been conducted to improve the
CO2 capture capacity and cyclic stability of the CaO-based sorbent, mainly through
(1) the reactivation and modification of natural calcium-based materials and (2)
the development of synthetic sorbents [27]. However, a majority of those works
lack consideration of evaluating the feasibility of the calcium-based sorbents under
industry-relevant operating conditions. For instance, most of the sorbent modifica-
tions are complex and expensive, which offsets the important advantage of CaL,
low cost. On the other hand, based on the performance assessment by fixed-bed
thermogravimetric analyzer (TGA), CaO hollow microspheres with highly porous
shells seem to possess desirable cyclic CO2 uptake and reaction kinetics. Those CaO
particles are, however, inherently difficult to fluidize due to the fine diameters (i.e.,
< 5 μm) [28]. Hence, their potential and feasibility for CO2 capture in FBR require
further investigation under realist operating conditions. Another critical issue is the
attrition resistance of sorbent, which essentially affects the long-term CO2 capture
performance when the CaL process is scaled up to a full-size reactor. Hence, there
remains much scope in the design of cheap and reactive sorbent with high attrition
resistance.



6.6 Challenges and Prospective Solutions 83

By far, most of the scale-up efforts towards the CaL process were made to achieve
the long-term continuous operation with desired CO2 capture efficiency at a larger
size of circulating fluidized reactors, as listed in Table 4. In contrast, the operational
parameters should be carefully optimized, as to reduce the cost of the CaL process to
an acceptable level. In addition, as the flue gas volume at 900 K is 3 times that at 300
K, the reactor volume of CaL is typically larger than the low temperature processes
to allow appropriate residence time of the gas in the reactor. Hence, an appropriate
carbonator that is reasonably sized and allows sufficient CO2 capture efficiency is
required. The latter requires sufficient gas residence time, meaning a large reactor.
Oxy-fuel CFB combustion has been the primary choice to supply the heat required
by the calcination, which accounts for 35~50% of the whole energy input of a CaL
power plant [29]. Therefore, technical measures to improve the cost-efficiency are
mainly directed at (1) reducing heat requirements in the calciner, (2) alleviating the
energy penalty of the oxy-fuel CFB combustion; and (3) integrating calcium looping
with other process cost-effective system. It is well-accepted that increasing the CO2

carrying capacity of highly cycled sorbents can reduce the make-up flow demand in
the CaL system, thereby lowering energy requirements and operating costs. Recar-
bonation is a promising approach to enhancing CO2 carrying capacities of cycled
sorbents, which has been successfully demonstrated in La Pereda 1.7 MWth CaL
pilot plant [30]. As shown in Fig. 6.5, the carbonator loop seal was retrofitted to
work as a recarbonator. With the aid of the recarbonator, the carrying capacity of
the sorbents was remarkably improved by up to 10%. For the sake of reducing the
heat demand in the calciner, Arias et al. [31] proposed a calciner configuration that
affords the operation under extreme oxy-fuel conditions, thus avoiding or reducing
the recycling of flue gas. As demonstrated in a 2.0 MWth CaL pilot plant, extremely
high oxygen concentrations of 75% in the calciner were achieved without the obser-
vation of hot spots. Based on a similar strategy, the possibility of using pure O2 in
the calciner was experimentally demonstrated in the 25 kWth CaL plant at Cranfield
University [32]. The use of pure O2 could noticeably improve the cost efficiency
because of the less energy requirement for preheating the gas steam, the less oxygen
supply demand for ASU, and the smaller size of the calciner [32]. In contrast to the
direct heat supply by oxy-combustion of fuel in the calciner, alternative CaL config-
urations are emerging to reduce the energy penalty, which transfers indirect heat
sources into calciner, for instance, by using combustion flue gas as the heat source
[33], using the circulated solids as the heat carriers [34], or using high-temperature
heat pipes [35]. However, these indirect heating options are still at the conceptual
stage due to the extra arrangement of heating surface, the high cost of heat transfer
media, and the increased complexity of the whole CaL system.

Prior to scaling up FBRs into commercial CaL applications, process modeling
was typically necessary to estimate the hydrodynamic feasibility, the expected CO2

capture performance, the net energy efficiency, aswell as the operation cost.However,
the establishment of a reliable model for the CaL plant is sophisticated and currently
underdeveloped due to the lack of reasonable assumptions, such as solid looping
rates, sorbent attrition rates, ash accumulation behaviors, carbonation and calcina-
tion kinetics, etc. Most predictive models follow the hydrodynamic formulations
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Fig. 6.5 a La Pereda 1.7 MWth CaL pilot plant; b Location of the calciner, carbonator, and recar-
bonator (retrofitted by the loop seal); c Schematic of the funnels; d Schematic of the recarbonator
(reprinted from ref. [30] with permission of Elsevier)

proposed by Kunii and Levenspiel (K-L) [36]. For a fluidized bed with higher super-
ficial gas velocity, the K-L CFB model, which assumes the bed is composed of a
bottom dense bed and a gradually leaned bed with a near-wall dense zone and core
lean zone, has been applied for many processes, and satisfactory predictions were
achieved [37, 38] However, because of the lack of experimental validations, empir-
ical parameters in the K-Lmodel should be specified, with caution to make particular
assumptions in consideration of reaction kinetics and hydrodynamics in the carbon-
ator/calciner. Experimental parameters concerning reaction kinetics can be obtained
easily by a fixed-bed TGA. Despite that, conventional TGA intrinsically suffers from
severe mass transfer limitations [39]. A recent work by Li et al. [40] incorporated a
micro-fluidized bed reactor (MFBR) with TGA to evaluate the carbonation kinetics.
They further found that the carbonation kinetics of CaO obtained from MFB-TGA
was significantly faster compared with that via conventional TGA, which implies
that the carbonation and calcination kinetics evaluated by TGA should be handled
cautiously when being further adapted for CaL process modeling. Beyond that, CaL
process modeling requires further attempts at sorbent deactivation by including the
effect of attrition, sintering, and sulphation, which are hardly reported by existing
studies. In other words, the CaL community should also report more valid exper-
imental tests or make operation information more accessible to the public, thus
supporting the development of a reliable process model for the scale-up of the CaL
system.
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6.7 Ending Remarks

CaL technology employs FBRs, that has been well proven a promising method for
in-situ CO2 capture from flue gas. In this chapter, the process fundamentals of CaL
were first introduced in terms of thermodynamics and kinetics of the reversible
reactions between carbonation and calcination. The current progress of implementing
CaL in FBRs was reviewed and highlighted from technical and operational insights.
Despite that the CaL process has been demonstrated from lab scale to pilot scale,
spanning from kWth toMWth level, plenty of challenges have to be overcome for the
industrial scale-up, for instance, to mitigate sorbent deactivation, reduce operation
cost, optimize process model and so on. Further endeavors should be paid in these
directions to promote the CaL technology into commercialization.
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Chapter 7
Low-Temperature Sorption in FBRs

7.1 Introduction to Low-Temperature Sorption

For the CO2 capture from low-temperature exhaust gas, two technical routes were
generally used: (1) physisorption-based CO2 capture by using porous materials; and
(2) chemisorption-based CO2 capture using solid alkaline sorbents.

Physisorption inherently relies on intermolecular interactions, especially van der
Waals and electrostatic forces, between theCO2 molecule and the sorbents.Due to the
weak physical interaction between theCO2 molecule and the sorbents, physisorption-
based CO2 capture is less sensitive to temperature and technically suitable for high
partial pressure CO2, which is not particularly applicable for CO2 capture from post-
combustion flue gas. In this case, by using fixed-bed reactors the pressure swing
adsorption (PSA) strategy is preferred [1].

In chemisorption, a chemical reaction takes place between CO2 and the sorbents
that comprise various amine groups or alkaline carbonates impregnated on porous
supports, such as SiO2 and Al2O3. Consequently, the low-temperature CO2 capture
chemisorption-based technique involves two reactors, that is, one reactor for CO2

capture while the other for regenerating spent sorbents. Unlike the CaL process, both
reactors require a smaller unit size due to the lower operating temperature, i.e., 50–
80 °C for CO2 capture and 100–200 °C for regeneration [2]. Besides, in contrast to
physisorption-based CO2 capture, the high enthalpies involved in the chemisorption
process make CO2 chemisorption more sensitive to temperature variation, operated
in a relatively narrow temperature range.

The temperature swing adsorption (TSA) process is widely adopted in CO2

chemisorption [3]. As a result, chemisorption-based CO2 capture can handle efficient
CO2 capture at low partial pressures, for instance, from coal-fired flue gas or even
from ambient air conditions. However, heat integration and management remain a
crucial concern in this process. In virtue of the enhanced heat transfer and the uniform
temperature profile, fluidized bed configurations are particularly appealing to the
heating and cooling stage involved in the TSA process [4]. Hence, low-temperature
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CO2 sorption processes integrated with FBRs are specifically highlighted in this
section.

7.2 Sorbents for Low-Temperature Applications

Over recent decades, there has been increasing interest in developing sorbents for low-
temperature CO2 sorption, including solid amine-based materials, alkali carbonates,
zeolites, porous carbons, metal–organic frameworks, and porous organic polymers
[3]. Applying low-temperature CO2 sorption in FBR requires sorbents with desired
performance, for example, cheap price, high capacities at low CO2 partial pressure
(10–15%), facile regeneration temperature, high chemical and mechanical stability,
etc. To date, only solid amine-based and alkali carbonates-based sorbents have been
investigated to demonstrate low-temperature CO2 sorption concepts in pilot-scale
FBRs, as indicated in Table 7.1.

To improve the CO2 adsorption capacity as well as the CO2 selectivity, solid
amine-based sorbents (SABS) were typically fabricated by supporting amines on
porous materials. (SABS) like polyethyleneimine (PEI) interact with CO2 by amino
groups intensively in a chemisorption manner, thereby demanding a higher heat
penalty to regenerate [5]. Another concern of (SABS) is their poor chemical stability,
which is vulnerable to deterioration by SO2 andO2 in the flue gas.Moreover, (SABS)
also exhibits a high potential risk of equipment corrosion. Given these drawbacks,
their industrial widespread application is still far from fulfillment. In contrast, alkali
metal carbonates attract increasing focus due to their low cost, high CO2 uptake,
desirable thermal/chemical stability, and less detrimental to the operation safety.

Alkali metal carbonates react with CO2 to form hydrogen carbonates (M2CO3 +
H2O + CO2 ↔ 2MHCO3, M = Na/K). K+ ions intrinsically exhibit a stronger
water affinity and a higher diffusion rate compared to Na+ ions [6]. As a result,
K2CO3 performs higher CO2 uptake and faster CO2 sorption kinetics in comparison
with Na2CO3. To alleviate the attrition issue as well as to improve the CO2 sorption
capacity, porous supports such as Al2O3, SiO2, and TiO2 are widely used to disperse
alkali metal carbonates and to increase mechanical strength. In a study using a low-
temperature CO2 sorption test in a dual FBR, Zhao et al. [7] demonstrated that the
K2CO3/Al2O3 sorbent showed high CO2 capture rate (> 90%), stable porosity, and
excellent attrition resistance during the 10 sorption–desorption cycles.

7.3 Process Integration and Optimization

Similar to other CO2 capture technologies discussed above, the most important
concern of low-temperature CO2 sorptions is minimizing the energy penalty and
operation costs. In pursuit of this goal, various efforts have been made by devel-
oping high-performing sorbent with high CO2 capacity, facile regeneration at mild
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conditions, and cyclic stability. Beyond the sorbent performance, efficient process
integration is also pivotal to minimize the energy penalty, for example, by improving
CO2 capture efficiency and managing heat requirements.

Maximizing the CO2 capacity in the adsorption reactor is a primary concern. In
a conventional FBR with a single-stage configuration, the absorbent particles are
mostly well-mixed and uniformly loaded with CO2, leading to a quick CO2 break-
through because of the significant increase of equilibriumCO2 partial pressure [9]. In
response to this challenge, the development of multi-stage fluidized beds has become
a benchmark in current research (see Fig. 7.1a) [8]. Compared with the single-stage
FBR, the multi-stage can gain benefits similar to fixed beds by reducing the internal
back mixing. Wherein the sorbent particles flow counter-current to the feeding gas,
which enables fresh sorbents to flow downward the bed reactor with the decreasing
CO2 partial pressure (see Fig. 7.1b). [1] This configuration provides a remarkable
driving force for CO2 adsorption, thereby improving CO2 capture efficiency greatly
at each stage.

Given these advantages, many pilot-scale studies have currently been conducted
to evaluate the multi-stage fluidized bed for adsorption-based CO2 capture [10–12].
The improved CO2 capture efficiency by the multi-staged configuration further leads
to a significant reduction in the sorbent recirculation rate, thus reducing the opera-
tion cost. To control the gas–solid interactions and maximize the CO2 capture rate in
the FBR, Ma and co-workers [13] from Southeast University proposed a bubbling-
transport FBR (see Fig. 7.2a) by integrating both the bubbling and fast fluidized

Fig. 7.1 CO2 capture by temperature swing adsorption in a fluidized bed. a multi-stage fluidized
bed (reprinted from ref. [8] with permission of Elsevier); b gas phase CO2 concentration distribution
along with the length of adsorber in (a) (from ref. [1], licensed under CC-BY 4.0)
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regimes. In contrast to a conventional bubbling fluidized bed with a single regime,
the gas velocity is decoupled in the bubbling and transport bed, thus facilitating the
independent andflexible adjustment of the gas–solid contact time and sorbent circula-
tion rate. The advantages of this reactor design were further evidenced by a 24-h test,
which showed a low attrition rate and good cyclic stability of K2CO3/Al2O3 sorbent.
As shown inFig. 7.2b, further progresswasmade by the samegroup, researchers from
which developed a two-stage integrated bubbling-transport reactor [14]. In compar-
ison with the one-stage reactor shown in Fig. 7.2a, two-stage configurations can
additionally introduce a quasi-countercurrent flow between CO2 and K2CO3/Al2O3

through returning CO2-lean sorbents to stage I. As a result, this quasi-countercurrent
flow can largely promote the CO2 capture efficiency.

The second important concern for low-temperature CO2 sorption is the efficient
heat management to reduce the energy requirement for the sorbent regeneration
and the system operation. Concerning sorbent regeneration, low-grade heat like low
pressure steam would normally be used, while the steam extraction would largely
reduce power generation efficiency. More economic options for sorbent regenera-
tion have been proposed, including integrating solar energy, collecting the waste
heat released from the adsorption reactor, etc. Zaabout et al. [15, 16] proposed a
concept of transient FBRs based on the swing adsorption reactor cluster (SARC,
see Fig. 7.3) for low-temperature adsorption-based CO2 capture, which alternately
performs the carbonation, evacuation, regeneration and cooling steps without the
need for sorbents recirculation. Moreover, this system employs a heat pump to
manage heat between adsorption and regeneration reactors, thus reducing the energy
requirement for sorbent regeneration. Another merit of this configuration is that
the temperature difference between the adsorption and regeneration can be largely
minimized by combining the vacuum and temperature swing adsorption (VTSA).
Lab-scale of SARC indicates that the required temperature swing can be reduced by
30–40 °C at a 50 mbar vacuum [16], leading to a highly efficient heat transfer via
the heat pump and significant energy saving for sorbent regeneration.

7.4 Scale-Up Demonstrations

To date, most research on low-temperature CO2 sorption has been conducted at the
lab scale, while merely a few works reported the demonstration at the pilot scale, as
listed in Table 7.1. The Korea Institute of Energy Research (KIER) has made many
endeavors to scale up the low-temperature CO2 capture technology based on K2CO3

sorbents. In 2009, KIER first demonstrated the feasibility of the K2CO3-based low-
temperature CO2 sorption under real flue gas conditions from a 2 MW coal-fired
plant. By employing a fast FBR for CO2 adsorption at 70–90 °C and a bubbling
FBR for regeneration at 160 °C, an average CO2 capture efficiency of ∼ 70% was
achieved [9]. Moving forward to 2014, KIER testified to the operation of a 10 MWe
CO2 capture system in Korea. This system was fed with 35,000 Nm3/h flue gas from
a 500 MW coal-fired power plant, and possessed the ability to capture ~ 200 tCO2/
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d by using an inter-connected FBR, in which K2CO3-based sorbents were operated
at 40–80 °C and 140–200 °C to capture and release CO2, respectively. Simulation
studies estimated the energy penalty of such a CO2 capture system, indicating that
4–5MJth/kg was required to reach a CO2 capture efficiency of 80% and a CO2 purity
of 95% [17].

ADA Environmental Solutions (ADA) has been working on incorporating solid
sorbents with fluidized bed technology for efficient low-temperature CO2 capture
from power plant flue gas. An amine-based ion exchange resin was screened out
frommore than 200 candidates. In 2014, they successfully constructed and executed a
1MWe-scale process for low-temperature CO2 capture installed at a coal-fired power
plant in Alabama, USA [11]. Specifically, such 1 MWe configuration comprises
a three-staged FBR for CO2 capture at 40 °C, which is integrated with a single-
staged fluidized bed regenerator operated at 120 °C. Based on their developed amine-
based sorbents, ADA conducted a detailed techno-economic analysis. The reported
capital cost of their configuration ranged from 124 $/tCO2 to 256 $/tCO2 at a CO2

capture rate of 90%, which significantly outperformed a benchmark MEA system.
Additionally, an environmental assessment was also performed on the amine-based
sorbents selected for use. ADA testified to their sorbents as nonhazardous according
to the OSHA Hazard Communication Standard [18].

RTI International applied its three-staged fluidized bed CO2 capture process to
flue gas from various industrial sources, including coal-fired power plants, NGCC
power plants, and cement production plants. RTI claimed that technical and economic
barriers of low-temperatureCO2 capture by solid sorbents could be overcome through
the high-performing PEI/silica sorbents, operating at 60–70 °C for CO2 adsorption
and 110–120 °C CO2 for release, respectively [10]. The estimated cost for RTI’s
process is around 39.7 $/tCO2, which is of high potential to meet the U.S. DOE’s
goal of > 90% CO2 capture rate for 40 $/tCO2 captured by 2025.

7.5 Research Gaps and Future Trends

As previously mentioned, fluidized bed configurations are appropriate for the TSA-
based process and have been verified by many institutions. However, there still
exist many challenges in terms of practicality, scalability, and operation cost. When
applying the TSA process in fluidization reactors, the employment of a lean/rich heat
exchanger indicates a regular practice to minimize the energy penalty of the system.
One important challenge lies in the design and integration of such a heat exchanger
to perform the efficient heat deletion, from the adsorption reactor and the addition of
the regeneration reactor, respectively. It has been reported that 20% or higher energy
can be saved if an efficient heat exchanger is set up to collect the heat from the hot
sorbents in the regenerate reactor and to preheat the cold sorbent in the adsorption
reactor [19]. Existing solid–solid heat exchangers have significant drawbacks, such as
bulky equipment, operation complexity, and poor heat-exchange efficiency. Further
investigations should focus on heat integration via a heat pump and the incorporation



7.6 Ending Remarks 97

of solar energy with FBRs. Several novel concepts have already been proposed on
these aspects but remain far from industrial applications [16, 20, 21].

Another typical challenge for FBRs is that the well-mixed sorbents particle inher-
ently results in early CO2 breakthrough. As a result, CO2 capture efficiency is
impaired due to the low sorbent utilization rate. The multi-staged fluidized bedmani-
fests a promising configuration to enhance gas–solid interactions, thus improving the
CO2 capture efficiency. As mentioned above, many pilot-scale demonstrations for
low-temperature CO2 capture have already been constructed with such promising
configurations. Nonetheless, designing an FBR is still challenging and should be
carefully studied in the future, not only to achieve a desirable heat integration, but
also to maintain a good balance between the gas–solid mass transfer and the pressure
drop. Though incremental stages in the fluidized bed could benefit energy savings
by reducing the circulation rate, the additional pressure drop caused by the distrib-
utor plate in each stage should be noteworthy, which may significantly increase the
energy penalty. Regarding this, Veneman [22] proposed a multistage based config-
uration characterized with diluted particle concentration in the adsorption reactor
(void fraction > 90%). Such configuration allows the operation at high velocity with
low pressure, thus greatly alleviating the pressure drop issue.

In addition, to achieve the counter-current mode in the multi-staged fluidized bed,
each stage requires a downcomer to facilitate the downward particle transfer across
the stages. These additional internal components in themulti-stagedfluidized bedwill
result in higher complexity and operation costs, in contrast to a conventional single-
staged fluidized bed. Hence, the multi-staged configuration will inherently confront
with considerable scale-up challenges that should be carefully noted in the future,
for instance, to investigate the thermodynamic system, model the hydrodynamics
process, evaluate the risk of sorbent attrition, analyze the techno-economic feasibility,
etc.

7.6 Ending Remarks

Low-temperature CO2 sorption technology has gained increasing research focus on
the incorporation of solid sorbents with FBRs. In this chapter, the process funda-
mentals of low-temperature CO2 sorption were first introduced from the aspects of
physisorption and chemisorption. The current progress of implementing fluidized
bed configurations for low-temperature CO2 capture was reviewed and highlighted,
involving the process integration and the scale-up demonstrations. Nonetheless, this
technology still has to overcome plenty of challenges for the industrial scale-up, for
instance, to optimize the adsorption reactor configuration and reduce the regenera-
tion penalty and operation cost. Further efforts in these areas are essential to advance
the scale-up of low-temperature CO2 capture technologies based on FBRs.
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Chapter 8
Challenges and Outlooks

The utilization of FBR offers numerous advantages for implementing innovative
CO2 capture technologies. However, these novel CO2 capture technologies intro-
duce unique challenges due to their distinct properties compared to conventional
applications.

8.1 Technical Hurdles and Economic Barriers

One principal challenge lies in the complexity of hydrodynamics within the reactors.
This complexity is crucial because the fluidization quality directly influences the
efficiency of gas–solid contact, which is critical for both oxy-fuel and chemical
looping combustionprocesses.Moreover, the efficiencyofFBRs is further challenged
by the propensity for agglomeration and channeling, phenomena that can drastically
reduce the capture efficiency of CO2. Particularly in the calcium looping process,
where the reactivity of lime diminisheswith each carbonation/calcination cycle, there
is a continuous need for constant replenishment of fresh sorbent and disposal of spent
material. To address these multifaceted challenges, a multi-disciplinary approach is
required, integrating advanced computational fluid dynamics modeling, innovative
reactor design, and novel materials engineering. In reactor design, special attention
must be given to the design of gas distributors and solids recycling systems to ensure
uniform fluidization and minimize dead zones within the reactor. Additionally, the
design of the fuel reactor in CLC systems must be optimized to handle the highly
endothermic reduction of oxygen carriers, a step critical for ensuring adequate heat
supply and maintaining reaction kinetics favorable for CO2 capture.

Heat and material transport are critical factors across all the CO2 capture tech-
nologies employing CFB. The circulation of solids between two reactors (CLC, CaL,
and low-temperature CO2 capture) and flue gas recirculation in oxy-fuel CFB has
a significant influence on the temperature control, material balance, and dynamic
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stability due to the feedback mechanisms involving heat and material. In CLC, the
solids circulating rate impacts not only the temperature control, as the oxidation of
fuel may be endothermic, but also the oxidation state of the oxygen carrier in the
FR. The latter further affects fuel conversion rates and selectivity towards CO2, ulti-
mately influencing CO2 capture efficiency. Additionally, strategies for maintaining
partial load stability of the FBRs will have to be investigated, as peak shaving is
often required. The Recycled flue gas (RFG) in oxy-fuel combustion offers opera-
tional flexibility and may be beneficial for CLC. Similarly, in CaL, a more adaptable
carbonator, such as a bubbling-turbulent fluidized bed, could be an option to facilitate
load adaptation.

Transitioning FBR technology from the pilot scale to full industrial deployment is
an enormous challenge. It involves scaling up the reactor size by orders of magnitude
while maintaining the same efficiency and capture rates achieved in smaller-scale
models. This challenge is complex as the scale-up is not linear and requires a detailed
understanding of the scaling laws that govern fluidization, reaction kinetics, and
heat and mass transfer. Moreover, addressing reactive issues, such as degradation,
attrition, and thematch-up of different reaction rates between carbonation/calcination
in the CaL process, oxidation/reduction in the CLC process, as well as sorption/
desorption in the low-temperature sorption process, is imperative prior to the scale-up
of FBRs.

Establishing a reliable and generalized criterion is crucial for the scale-up of the
FBR. Specifically, the scale-up of FBR traditionally relies on the hydrodynamic
similarity criteria, which are based on dimensionless analysis according to the Buck-
ingham π-theorem [1]. However, it is important to note that similar hydrodynamic
behaviors do not always guarantee similar reactor performance, e.g., fuel conversion
and CO2 capture efficiency. Thus, a more comprehensive approach is needed. Strate-
gies for industrial scale-upmust be rooted in rigorous experimentation andmodeling.
This approach should involve pilot programs that progressively increase in scale, as
these programs can provide valuable data to inform the design of commercial-scale
reactors. Moreover, partnerships with industry can facilitate the sharing of knowl-
edge and resources, which is essential for accelerating the development and adoption
of FBRs in the marketplace.

Besides, it is significant to develop modeling strategies that bridge the gaps
between different scales involved in the FBR, in order to perform simulations at
an industrial-relevant scale under typical operating conditions in a reasonable calcu-
lating time. The gap-bridging strategies include, for instance, the widely used Lang-
muir–Hinshelwood-Hougen-Watson type rate equation, which is concise and repre-
sents the detailed reaction mechanism with certain elementary steps being the rate-
determining step [2]. The intra-particle and gas-particle heat and mass transfer are
well-documented, and consensus is generally achieved. Recently, advanced tech-
niques have been used to study the validity of the classical constitutive equations.
For example, theCFDsimulation and the infra-red techniquewere employed to inves-
tigate the bubble-emulsion mass transfer coefficient, while X-ray tomography and
electrical capacitance tomography were used to analyze the bubbling behavior [3, 4].
These studies have reinforced the accuracy of the two-phase model. Concerning the
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solids mixing, CFD and radiotracer techniques were adopted to research the solids
mixing and residence time distribution [5, 6]. Therefore, it is possible to develop
a model that accounts for the essential phenomena in the FBR while keeping the
calculating time reasonable for industrial-scale reactors [7].

Understanding the economic feasibility of FBRs for carbon capture is a complex
issue. Initially, significant capital expenditure is required, mainly due to the costs
associated with constructing large-scale reactors, procuring oxygen carriers and
sorbents, and integrating these systems with existing power generation facilities.
Moreover, the operational costs, which include energy penalties incurred from the
increased fuel requirements to meet the thermal demands of the capture process,
presenting significant economic challenges. To address these financial concerns,
innovation in material sciences is crucial to extend the lifespan of sorbents and
oxygen carriers. Similarly, advancements in reactor design aimed at minimizing
energy consumption are essential.

What’s more, it is vital to conduct a thorough techno-economic assessment that
integrates life cycle analysis with real-world operational data. This assessment is
necessary to identify cost reduction opportunities and to compare the economic
viability of FBRswith other CO2 capture technologies. Such evaluations will provide
a more comprehensive understanding of the cost–benefit landscape, guiding future
developments and implementations of FBR technology.

8.2 Innovation and Future Research Priorities

The successful implementation of FBRs in carbon capture critically depends on the
development of materials that can endure the stringent conditions of the process. It is
essential that oxygen carriers and sorbents are not only robust but also possess high
reactivity and resistance to sintering, attrition, and agglomeration. Efficiently inte-
grating these materials into a process that maximizes efficiency and minimizes waste
adds another dimension of complexity. Therefore, innovation in materials requires
a collaborative and interdisciplinary approach, encompassing fields such as mate-
rial science, chemistry, and engineering. Engaging in collaboration with industry
partners is key to bridging the gap between laboratory-scale research and the prac-
tical requirements of real-world applications. Moreover, the exploration of advanced
manufacturing techniques, like 3Dprinting, could openupnewavenues for producing
complex reactor components with superior performance characteristics.

In shaping the future of FBRs in carbon capture, collaborative research initiatives
that unite experts across various disciplines will play a pivotal role. These collabora-
tions have the potential to significantly accelerate the pace of innovation, spanning
from fundamental research to the development of pilot projects, and ultimately, to
commercial-scale operations. Creating an ecosystem that promotes open communi-
cation and resource sharing is fundamental to overcoming the technical, economic,
and regulatory challenges currently impeding progress. Such collaborative initiatives
should strive to establish consortia that leverage the strengths of each participant,
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including academic institutionswith advanced research capabilities, industry partners
with practical experience and resources, or government bodies capable of influencing
policy and providing funding. Through these synergistic partnerships, the field can
advance collectively, positioning FBRs as a feasible and effective solution for carbon
capture in the global effort to combat climate change.

The economic perspective for carbon capture is changing, with increasing recog-
nition of the need to price carbon emissions accurately. Economic incentives, such as
tax credits for CarbonCapture,Utilization, and Storage (CCUS) and tradeable carbon
allowances, have the potential to substantially enhance the viability of FBRs in this
context. By integrating the cost of carbon emissions into the economic framework,
these mechanisms can tip the balance in favor of carbon capture technologies.

However, the development of a robust CCUS strategy is not a solitary endeavor but
requires a collaborative approach involving governments, industry, and academia.
Such a collaborative effort is crucial to ensure that the economic incentives are
designed effectively, not only promoting the adoption and development of FBRs but
also fostering a market for captured CO2. This market could encompass its utiliza-
tion in industrial processes or its permanent sequestration. Through these combined
efforts, a sustainable and economically feasible framework for carbon capture can
be established, aligning environmental objectives with economic incentives.
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