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Abstract 

This review presents recent advances in research on fluidized bed combustion of solid 

biomass. While the main focus is on thermochemical processes occurring in fluidized beds, 

applicable investigations on biomass combustion from other research areas are also 

described as they often provide fundamental insight about the processing of biomass, 

applicable also in the context of fluidized beds. This review aims to summarize lessons learned 

and indicate some remaining gaps in the existing body of knowledge. The paper discusses 

combustion in separate stages: drying, pyrolysis, homo- and heterogeneous combustion, and 

characterizes how fluidized beds affect combustion, discussing heat and mass transfer, 

material segregation, and bed agglomeration. Finally, advances in new research trends and 

the prospects for technology development are considered, highlighting the chemical-looping 

technology with its inherent potential for carbon capture, scale-up of advanced computational 

models, and progress in spectroscopic and tomographic studies applied to combustion. 

Keywords: biomass combustion, fluidized bed, energy generation, chemical looping, 

modeling, review 

1. Introduction 

 Fluidized combustion technologies for future utilization of biomass  

Biomass is the oldest carbonaceous fuel used by humankind and the only solid fuel that is 

sustainable. Combustion of biomass has been gaining attention again because of its potential 

for power generation with significantly reduced CO2 emissions.1 The advantages of biomass 

utilization through combustion include a straightforward production of high-temperature heat 

that can be employed in generating high-pressure steam for power production, chemical 

industry, healthcare (e.g. sterilization). Recent reviews highlight that the potential of biomass 

is not fully exploited.2 Industrial thermochemical processes other than combustion, such as 

pyrolysis and gasification, can bring further benefits by decreasing the level of exergy 

destruction, providing higher-value products (bio-oils, carbon nanotubes), and further lowering 

CO2 emissions However, combustion of biomass is most mature technologically, with 

solutions commercially available at all scales, from micro-devices to GW-scale power plants. 

With only moderate requirements for retrofitting (especially in fluidized bed boilers),3,4 biomass 

can readily replace coal in existing installations; hence, even if used temporarily, biomass can 

significantly ease the pathway towards net-zero emission targets. Combustion is also the 

easiest and the most socially acceptable method of utilizing problematic biomass, such as 

waste or sewage sludge. 

Among available technologies, combustion in fluidized beds is particularly well-fitted for 

biomass and wastes because it works well with a variety of fuels, including fuels with high 

moisture content, varied composition, inhomogeneous or mixed. The idea of combustion in 

fluidized beds is feeding a stream of fuel into a hot bed of largely inert material, usually sand, 

and providing an oxidizing gaseous medium, usually air, that flows with a velocity high enough 



to fluidize the fuel and bed particles. Because of the constant movement of the solid particles, 

fluidized beds offer good mixing of solids and, hence, fast heat redistribution, minimizing 

potential problems with local hot spots and thermally induced pollutants, such as NOx. In 

contrast, gas mixing is obstructed by solids, with a fraction of the oxidizer channeling through 

the bed in bubbles and another fraction moving with the solid particles in an emulsion phase. 

Mass transfer between the bubbles and the emulsion phase is limited; thus, most mixing of 

the gas takes place in the freeboard (above the fluidized bed).  

The advantage of fluidized beds with good mixing of solids and their long residence times 

assures high conversions, a relatively low environmental impact, and offers the potential of in-

situ removal of SOx.
5 In comparison to other combustion technologies, disadvantages include 

high capital and operating costs, increased emission of particulates, accumulation of ash and 

the resulting potential maintenance problems, e.g. bed defluidization.5,6 

The design of a fluidized bed depends primarily on the required fluidization regime, depending 

on the gas velocity. When fluidized in the bubbling regime, the bed will be largely stationary 

(net flux of solids ~ 0 kg/m2). Alternatively, in the churn-turbulent or core-annulus regimes, the 

bed material will be transported upwards (net flux > 0 kg/m2) and out of the combustor.7 The 

stationary approach is realized industrially in Bubbling Fluidized Beds (BFB) comprising 

distinct bed and freeboard zones, as shown in Fig. 1(a); the transporting approach is realized 

in Circulating Fluidized Beds (CFB), where the transported solids are separated from the gas 

in cyclones, to be circulated back to the main reactor, as illustrated in Fig. 1(b).  

  

(a) Bubbling Fluidized Bed  (b) Circulating Fluidized bed        

Figure 1: Schematic diagram of (a) Bubbling fluidized bed and (b) Circulating fluidized 

bed. 

The development of the first fluidized bed installations for chemical industries started in the 

1940s, and later for energy conversion in the 1960s.6 While originally fluidized bed combustors 

were developed for burning coal, co-feeding of coal and biomass is possible.8  

CFBs have several advantages over BFB, such as higher efficiency for combustion and sulfur 

capture, both important primarily in large-scale installation and fuels with high sulfur content. 

Thus, CFB is the preferred technology for coal-powered systems, especially for coals with 

high sulfur content or lower reactivity. For biomass, bubbling beds are more common because 

the efficiency of combustion for a reactive fuel like biomass is satisfactory, and the sulfur 

capture is not essential in the combustion of plant-based biomass with low S-content.9 

Because of lower capital costs, BFB is also preferred for smaller-scale units, which are the 

preferred option for biomass and waste usage in distributed power production with locally-

available resources, for which fuel transportation may be uneconomical. Nevertheless, large 



and middle-scale fluidized beds combusting solely biomass also have been developed. A list 

of recently commissioned biomass combustors was presented by Mladenovic et al.9 Small 

scale reactors, with a thermal capacity of 1-10s of MW, are used for heat production. In 

contrast, large scale installations, of the order of 100s MW, usually co-produce heat and 

electricity.10 An overview of practical issues arising during biomass combustion in large-scale 

fluidized systems was presented by de Jong and Van Ommen.6 

 Focus and methods 

A keyword search through the Web of Science databases indicates that despite a well-

established fundamental understanding of biomass burning in fluidized beds, the number of 

papers on this subject has been increasing, clearly aligning with the policy changes and the 

global quest towards more sustainable power generation.  

This review aims to compare classically used methods when discussing biomass combustion 

(models, experiments), concluding about remaining research gaps. The secondary aim is to 

highlight new research trends, identify emerging ideas and capabilities, and discuss future 

research directions. Throughout the paper, we summarize areas already well described in the 

literature, providing readers with references to extensive topical reviews. To avoid overlaps 

with previous reviews, we focus on a critical evaluation of the most common approaches 

without fully explaining the intricacies and the assumptions. For that, we direct the readers to 

the selected and recommended literature, provided in Table 1.  

Table 1. Selected reviews on combustion of biomass and fluidized beds. 

Topic Reference Main scope Year 

Fluidized bed 

combustion 

10 Bubbling fluidized bed combustion, covering theoretical 

aspects and practical insights into the technology, arising 

from over 30 years of applied research in FBC in Eastern 

Europe. 

Key topics: historical review, fuel type, pollutants, heat 

transfer  

2003 

Scale-up of 

biomass 

combustion in 

fluidized beds 

6 

 

Comparison of CFB and BFB for biomass applications; 

scaling analysis for process scale-up and development, 

emissions and agglomeration phenomena 

Keywords:  dimensionless analysis, practical problems 

2009 

11 Problems arising from large-scale biomass combustion in 

FB. 

Keywords: pollutants, agglomeration, corrosion, trace 

metals 

2009 

Fundamentals of 

biomass 

combustion and 

gasification  

12 

(extensive 

review) 

Combustion and gasification of biomass chars, discussing 

the published experimental results, and the influence from 

process conditions (temperature, pressure, heating rate, 

type of biomass, ash) 

Keywords: heterogeneous reactions, char yield, kinetics 

and rate expressions 

2009 

Modeling 

biomass 

gasification in 

fluidized beds  

13 

(extensive 

review) 

An extensive summary of existing modeling approaches 

for fluidized beds, primarily focused on gasification but 

applicable to other processes. Detailed description of all 

2010 



main phenomena encountered during thermal processing 

of biomass. 

Keywords: fluidization models, heat and mass transfer, 

attrition, kinetics 

Pollutants from 

burning biomass 

14 Chemical mechanisms of creation of main pollutants in 

biomass combustion and co-combustion. Comparison to 

other technologies. 

Keywords: pollutants, emissions, modeling pollutant 

formation, control methods 

2012 

Combustion and 

gasification of 

biomass in 

fluidized beds  

15 

(extensive 

review) 

One of the most comprehensive overviews of 

fundamentals of fluidization and energy technologies with 

fluidized and circulating beds.  

Key topics: fundamental research, advances in industrial 

atmospheric and pressurized FB, gasification, carbon 

capture technologies 

2013 

Chemical details 

of biomass 

combustion  

16 Chemical reactions characteristic to biomass treatment in 

energy technologies. Research gaps in understanding 

chemical details of reactions with biomass. 

Keywords: particle conversion, catalytic properties of ash, 

creation of pollutants, agglomeration, ash deposits 

2017 

Physical 

properties of 

biomass and their 

change during 

combustion  

17 

(extensive 

review) 

Modeling thermal degradation of biomass, including 

transient changes in biomass physical and chemical 

properties. Comparison of single particle models. 

Application in fixed bed technologies. 

Keywords: thermally thick particles, 1D, 2D, 3D models 

2017 

Combustion of 

non-woody 

biomass 

18 Comparison of properties and composition of non-woody 

biomass. Single particle combustion, drop tube furnace 

experiments. Application in pulverized combustion. 

Keywords: models, non-woody biomass fuels 

2018 

 

The paper is structured as follows: introduction to the topic and its importance in Section 1; 

fundamental phenomena of biomass combustion and, more generally, biomass thermal 

treatments in Section 2; phenomena specific to fluidization in Section 3. Each section starts 

with a general discussion, moving to the mathematical descriptions and experimental 

procedures. Section 4 highlights new methodologies and future directions. Section 5 lists 

research challenges and gaps, and Section 6 main conclusions, reiterating the identified 

research needs, in light of new research methods. 

2. Combustion of biomass – phenomena 

When exposed to thermal treatment, particles of biomass undergo a series of phenomena 

involving physical processes and chemical reactions. Upon heating, biomass particle first 

starts to lose moisture, initially present in the material as loosely bound free water in pores or 

as strongly bound moisture adsorbed in biomass cells and fibers.19 Upon further heating, the 

organic structure of biomass starts to thermally decompose, producing pyrolytic gases and a 

solid residue known as char. Drying and pyrolytic reactions in fluidized beds are usually fast, 

resulting in a local pressure increase and convective transport of the gases outwards from the 

biomass particle. The efflux of moisture and volatiles shields the char from the oxidizing 



medium; hence, combustion of the solid residue usually occurs as the last step in the 

sequence of relatively independent phenomena. Visualization of the phenomena in the context 

of fluidized bed is presented in Fig. 2.  

 Drying 

Evaporation of water from a particle, which is usually in equilibrium with the ambient air, starts 

as soon as the temperature of the particle increases, with the expected highest rate around 

the boiling point of water at ~100ºC. Because of high heating rates in fluidized beds, water 

evaporation is usually limited by heat transfer, as energy is needed to overcome the latent 

heat of vaporization. Biomass heating and drying are relatively short, at least in comparison 

to the longest step: char combustion; but the variability of drying might be significant because 

the moisture content in biomass can span from a few percent to 40% in a plant-type biomass,20 

and higher in a waste-type of fuels.  

Pyrolysis and combustion have been extensively studied at the fundamental level, whilst 

drying is usually limited to measuring rates and duration, rather than rigorously describing the 

involved physical phenomena and their influence on the fuel particle, fluidization, and overall 

combustion. However, the importance of moisture release is significant because the 

convective flux of moisture from within the particle results in the creation of endogenous 

bubbles, which then rise in the fluidized bed, dragging the fuel particle towards the surface - a 

phenomenon discussed in Section 3.4. Furthermore, the presence of H2O in the bed affects 

the homogeneous combustion of CO and heterogeneous reactions with char, as discussed in 

Section 2.  

Accurate modeling of biomass drying is difficult because it ought to account for hydrodynamics 

of the flow of free water in pores, diffusion of the bound water within the cell walls, alongside 

the phase change and transport of the produced steam.21 Additionally, coupling of the heat 

and mass transfer, their dependence on the fiber saturation point (FSP), and the anisotropic 

structure of biomass complicate the modeling to the level that cannot be solved analytically.22 

Three of the most common methods for describing biomass drying are (1) the heat sink 

approach, (2) the Arrhenius approach, (3) the equilibrium approach.23 Comparison of 

advantages and disadvantages of the three modeling approaches is given in Table 2. 

Extensive discussion, although not in the context of fluidized beds, can be found in reviews by 

Haberle et al.17 and Hosseini et al.24  

 

Figure 2: Simplified visualization of phenomena occurring during combustion of 

biomass in fluidized beds. 



The heat sink approach  

In most published studies on biomass combustion, the drying process is simplified by 

assuming that biomass particles are isotropic, and the overall rate of drying is limited solely 

by heat transfer. The latter is realized when the temperature in the particle reaches the boiling 

point, at which all further heat supplied to the particle is used to evaporate the water, following 

a so-called heat sink model.23 The model is applicable and useful in fluidized beds because 

even though heat transfer in the bed is fast, the heat transfer limitation often concerns the 

internal resistances within the dried section of the fuel particle.  

With these assumptions, the exact analytical solutions of drying for a spherical fuel particle at 

a pseudo-steady state was first proposed by McIntosh for coals of high moisture content.25,26 

As long as the main simplifications and assumptions remain unchanged, the same approach 

for the heat sink models can be used for biomass. McIntosh calculated the amount of moisture 

remaining in the particle by using an empirical approximation for the rate of drying, related to 

the heat-sink assumptions.  

Agarwal extended the heat sink model, demonstrating that drying-induced shrinkage of a 

fuel particle does not affect the dynamics and timescale of moisture removal.27 To account for 

the transient effect, a non-steady-state model of heat conduction with a convective flux at a 

particle surface was proposed by Agarwal et al.28 to simulate drying of low-rank coals in a 

fluidized bed. They assumed that the overall rate was limited by heat transfer and that 

the drying occurred at a surface of a receding wet core, a situation shown in Fig. 3. To 

represent the surface of the wet core, the model used a moving boundary 

condition obtained using a heat balance. Agarwal’s model was validated against experimental 

results using two approaches. In the first, the physical properties appearing in the analytical 

solution (e.g. thermal diffusivity) were varied to obtain the same total drying time as in one of 

the performed experiments. Based on these fitted thermo-physical parameters, drying profiles 

for the same fuel in other experimental conditions were predicted correctly. In another 

approach, pre-determined thermo-physical parameters were used in Agarwal’s model,29 

resulting in reasonable predictions for fuels with high moisture content but overpredictions 

otherwise. Komatina et al. proposed an empirical coefficient that corrects the heat sink 

Figure 3: Schematic diagram of a partially dried wood particle with a wet core and 

dry external shell.  



approach, noting that a classical model, such as the one derived by Agarwal, ignores 

superheating of the generated steam and is highly sensitive to the external heat transfer 

coefficient.29 Other phenomena that can affect the rate of drying include the mass flux of steam 

that leaves the particle, making the convective fluxes in energy balance non-negligible (similar 

to transpiration cooling),30 the capillary pressure affecting the boiling point of water,31 or 

particle cracking and fragmentation under the thermal stresses experienced during drying.21,32  

A more advanced approach to drying limited by heat transfer was presented by Thunman et 

al.33 in their work focused on fuels with high moisture content. Besides the heat transfer 

limitation, they assumed that, during drying of a particle placed in a hot environment, (a) an 

infinitely thin evaporation front within the particle is created; (b) the unaffected section of the 

particle resembles a shrinking core, and, in consequence, inside the core, the moisture level 

does not change, while in the region outside the core, the moisture content is zero; (c) the 

temperature of the core does not change, i.e. 𝑇(𝑟 < 𝑟𝑒) = 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙. Despite additional 

assumptions, the approach can be still represented by Fig. 3. For a heat transfer−limited 

process, the rate of evaporation, 𝑚̇𝑔, can be related to the rate of heat transfer to the core 

interface, 𝑟𝑒, located between the wet core and dry shell,  

 𝑚̇𝑔 =
𝒸1𝑟𝑒

𝑛𝜅𝑠
∆𝐻𝑒

𝜕𝑇

𝜕𝑟
 |
𝑟𝑒

 (1) 

where 𝒸1𝑟𝑒
𝑛 is the surface area of the core, (e.g. 𝒸1 = 4𝜋 and 𝑛 = 2 for a sphere, 𝒸1 = 2𝜋 and 

𝑛 = 1 for a cylinder per unit length), 𝜅𝑠 is the thermal conductivity of the dry section, and ∆𝐻𝑒 

is the heat of vaporization of water. The position of the drying front, 𝑟𝑒, changes from the 

particle radius, 𝑟𝑜, at the beginning of drying to 𝑟 =0, when the particle is dry. Hence, 𝑟𝑒 can 

be related to the overall level of “conversion” as:  

 𝑟𝑒 = 𝑋𝑒
1/(1+𝑛)

 𝑟𝑜  (2) 

where 𝑋𝑒 is the fraction of moisture remaining in the particle, and 𝑛 is the shape factor, defined 

earlier. 

In the region outside the core (𝑟𝑜 > 𝑟 > 𝑟𝑒), the temperature of the dried particle can be 

evaluated from the heat balance:  

 𝜌𝑠𝐶𝑝,𝑠
𝜕𝑇

𝜕𝑡
=
1

𝑟𝑛
𝜕

𝜕𝑟
(𝑟𝑛𝜅𝑠

𝜕𝑇

𝜕𝑟
) −

1

𝑟𝑛
𝜕

𝜕𝑟
(𝑟𝑛𝑈𝑔𝜌𝑔𝑐𝑝,𝑔𝑇)  (3) 

with a boundary condition at the surface of the particle, 𝑟 = 𝑟𝑜 obtained from equating the 

external convective and internal conductive heat fluxes: 

 −𝑘𝑠
𝜕𝑇

𝜕𝑟
|
𝑟𝑜

= ℎeff(𝑇𝑟0 − 𝑇∞)  (4) 

and another boundary condition at the evaporation front, 𝑟 = 𝑟𝑒, specifying the temperature: 

 𝑇 = 𝑇𝑒  (5) 

In Eq.(3), 𝑈𝑔 is the velocity of the efflux of the vapour (i.e. 𝑚̇𝑔 = 𝑈𝑔𝜌𝑔𝒸1𝑟
𝑛), 𝜌𝑔 is the density of 

the vapour, 𝐶𝑝,𝑔 is the specific heat capacity of the vapour, 𝑇∞ is the ambient temperature. In 

Eq. (4), ℎeff is the effective heat transfer coefficient between the particle and the fluidized bed 

(see Section 3.1), and in Eq. (5), 𝑇𝑒 is the temperature at which liquid water and its vapor are 

in equilibrium.34 The value of 𝑇𝑒 can be higher than the saturation temperature at a flat interface 



(e.g. 373 K at 1 bar) due to the capillary forces (for free water)21,31,35 and sorption enthalpy (for 

bound water)21,33,35–37. Consequently, the equilibrium temperature can vary with the type of 

biomass. As reviewed by Haberle et al., studies, which account for the transpiration effects of 

the efflux of moisture, allow for the elevated boiling point of water, or differentiate between the 

free and bounded water are still rare.17 Successful implementation of an empirically correlated 

𝑇𝑒 in the modeling of drying of a biomass particle was recently demonstrated by Kung and 

Ghoniem.38  

As proposed by Thunman et al., the moving boundary problem of the evaporation front can 

be simplified with a pseudo-steady state assumption.33 After eliminating the transient term 

from Eq.(3) and performing a scaling analysis, Thunman et al.33 showed that the convective 

flux can be neglected if the following criterion is satisfied: 

 
𝑥𝑒
𝑛𝐶𝑝,𝑔(𝑇∞ − 𝑇𝑒)

∆𝐻𝑒

𝜕𝜃

𝜕𝑥
|
𝑥𝑒

≪ 1  (6) 

Here, 𝑥𝑒 is the dimensionless evaporation front, 𝑟𝑒/𝑟𝑜, and the derivative term 
𝜕𝜃

𝜕𝑥
|
𝑥𝑒

describes 

the dimensionless temperature gradient at the evaporation front. For Eq. (3) at steady state, 

Thunman et al.33 provided an analytical solution, which ought to be solved iteratively unless 

the efflux term can be ignored, simplifying Eq. (3) further. Without the steady-state assumption, 

Eq. (3) can be readily modelled and solved numerically after coupling with mass transfer, as 

was demonstrated, for example, for a cylindrical geometry,39 or a slab geometry.22  

The pseudo-kinetic approach  

Despite drying being a physical process, the rate of drying is often modelled as a zero-order 

reaction25,32,40,41 with a rate constant, 𝑘𝑑, calculated using the Arrhenius expression for the 

temperature dependency: 𝑘𝑑 = 𝐴𝑑 exp (−
𝐸𝑑

𝑅𝑇
), where 𝐴𝑑 and 𝐸𝑑 are pseudo-kinetic 

parameters representing the pre-exponential constant and activation energy of drying, 

respectively.  

The pseudo-kinetic approach can be only understood as an empirical description of drying 

because the fitted kinetic parameters have no physical meaning42 and tend to underestimate 

the drying rate significantly.43 To overcome the drawbacks of modeling using this method, the 

reaction engineering approach (REA) was introduced. REA considers evaporation and re-

condensation of water as two competitive reactions with different rate constants.32,44,45 The 

imposed difference in the kinetics can be explained intuitively by the fact that evaporating 

water requires energy input to overcome the latent heat of vaporization (analogous to the 

activation energy), whereas condensation occurs without an associated energy barrier. While 

REA has been used to model drying at a relatively low temperature (< 200ºC),45 there has 

been no attempt to apply REA to biomass drying in fluidized beds under combustion heat 

fluxes. When a biomass particle is exposed to a high temperature in an environment with fast 

heat and mass transfer, such as in fluidized bed combustors, re-condensation of the water 

vapor inside the wood matrix might be insignificant, which means that a single Arrhenius-type 

rate equation might be sufficient.  

The pseudo-kinetic approach offers simplicity at the cost of an accurate physical description 

of drying. It can be easily implemented in numerical models for biomass combustion; however, 

in consequence, the involved phenomena are lumped into a single expression, which can only 

be calibrated empirically. Hence, this simplified approach ought to be used with caution and 

applied in a range of drying temperatures for which the model was experimentally calibrated. 



Equilibrium models 

The third approach commonly applied to describe drying is based on equilibrium models.35,45–

47 The main hypothesis of the equilibrium-based approach is that, within a fuel particle, the 

water vapor and the liquid moisture are in equilibrium. The equilibrium is defined by the local 

temperature modelled via the heat balance equation similar to Eq. (3). However, instead of 

having a set of separate heat balance equations before and after the evaporation front, the 

particle is modelled as a continuum, ranging from the particle’s center to its external surface. 

Then, the rate of evaporation is calculated by simultaneously solving mass conservation 

equations for water and balancing fluxes. Therefore, the equilibrium approach relaxes the 

assumption of an infinitely thin evaporation front, making the model applicable to a wide range 

of systems but at the cost of more complex numerical calculations.  

Recently, Borujerdi et al. applied the equilibrium approach to model the drying of a biomass 

slab and found that, at a high radiant heat flux (40 kW m-2), the evaporation front inside the 

moist slab was distinct and thin.23 This confirms that the heat sink models might be sufficiently 

accurate for describing the drying of biomass in fluidized bed combustors and explains why 

the equilibrium models are not very common in the area of combustion. However, a dedicated 

study focusing solely on the suitability of the equilibrium models for fast, high-temperature 

drying could still provide valuable insight about how the physics of biomass drying affects the 

main process characteristics (timescales, front movement, etc.).      

Table 2: Advantages and drawbacks of most common approaches for describing drying.  

Modeling 

Approaches 

Example of 

application 

Advantages  Drawbacks  

Heat sink model  38,48–50 

 

Simple.  

Has an analytical solution 

at steady state. Can 

incorporate 

devolatilization kinetics.  

Valid only when the 

evaporation front is thin. 

Probable numerical 

instabilities caused by a step 

function applied to describe 

drying.   

Arrhenius kinetic 

model  

Pseudo-

kinetic20,51,52; 

REA53 

 

 

Numerically stable.  

Simple to incorporate as a 

step in devolatilization 

and combustion. 

Semi-empirical approach 

requiring calibration or 

checking between cases. 

Physically less realistic (can 

result in substantial 

evaporation below the boiling 

point).23 

Equilibrium 

model  

23,36 

 

Applicable in a broad 

range of situations. 

Computationally expensive 

 Devolatilization 

Devolatilization is the release of volatile components that leaves behind a porous solid known 

as char. For biomass, the thermally induced decomposition and the release of gases results 

in a significant mass loss (~80 wt% dry basis), aligning with the high volatile content assessed 

with standard methods for proximate fuel analysis.54–56 Hence, devolatilization is a crucial step 

during the thermal usage of biomass, regardless of the application. Comprehensive reviews 

of biomass pyrolysis were given by Di Blasi57 and Anca-Couce58, with updates in many recent 



reviews, covering both experimental and theoretical developments59–61, or focusing mainly on 

modeling62–65.  

Pyrolysis, the thermally induced release of volatiles, is important when discussing the 

combustion of biomass in fluidized beds because it affects (1) the yields and composition of 

the released gases, (2) the yield and properties of the resulting solid char, (3) the 

hydrodynamics of fluidization (e.g. release of endogenic gas bubbles, separation of fuel 

particles and their floating on top of the bed material). So far, a lot of effort has been devoted 

to the first two topics and significantly less to the mechanics of the gas release in a bed of 

fluidizing particles.  

Nowadays, information about the composition and yields of pyrolytic gases can be obtained 

quite precisely, but this level of detail is often not essential when discussing biomass 

combustion. In fact, for combustion applications, pyrolytic gases are often discussed using a 

lumped composition of combustibles volatiles (i.e. CnHmOp),66 and more attention is paid 

evaluating the total time of pyrolysis and, associated with this task, rates of the process. 

Because pyrolysis as a thermally induced process requires a continuous heat input, the 

estimation of its rate often involves a discussion about chemical kinetics and heat transfer.  

Kinetics of biomass pyrolysis  

The structure of woody and herbaceous biomass can be separated into natural polymers: 

cellulose, hemicellulose, lignin, and each of them decomposes differently, as demonstrated in 

studies that looked at their separate and combined pyrolysis.67 For waste and inhomogeneous 

biomass (refused-derived fuel, sewage sludge), the composition is usually unknown, and 

primary information about the fuel comes from their proximate and ultimate analysis, as well 

as, experiments or practical operations. Hence, despite significant progress in the research 

on biomass pyrolysis, there is no single approach to describe the rate of involved chemical 

reactions.  

The simplest approach is to assume that biomass, no matter the origin, can be treated as a 

single homogenous species. One of the most popular models following this approach was 

firstly proposed by Shafizadeh and Chin,68 who described pyrolysis of wood as three parallel 

first-order reactions, which transform wood into gas, char and tars, as shown in Fig. 4. 

A number of published studies followed, providing the kinetic parameters for each reaction 

determined for various types of biomass (e.g. oak saw dust,69 sweet gum hardwood,70 pine,71 

waste wood,72 beechwood73) and using different experimental systems (such as isothermal 

tube furnaces,69 screen heaters,70 and thermogravimetric analyzers71). The global rate 

constant, 𝑘, taken as a summation of the rate constants of individual reactions, is particularly 

useful when the products of the pyrolysis are not of interest, but rather the conversion of the 

starting fuel is. Another consequence is that the expression for the rate of pyrolysis is then 

simplified to a single, first-order reaction. 

Di Blasi57 reviewed and examined the global rate coefficients from published studies, 

classifying the obtained activation energies, 𝐸𝑎, by the temperature range at which the 

experiments were conducted. Values of 𝐸𝑎 were low (69 – 91 kJ mol-1) for experiments in high-

temperature reactors (up to 1400 K), likely because of the endothermic pyrolysis, which 

progressed as the particle heats up, was limited by heat transfer, and that affected the 

observed rate. For experimental arrangements at low-temperatures (below 700 – 800 K), two 

ranges of 𝐸𝑎 were noted: 56 – 106 kJ mol-1 and 125 – 174 kJ mol-1, where the lower values of 

𝐸𝑎 arose from averaging the rate of pyrolysis over the entire duration of the process, whereas 

the higher values of 𝐸𝑎 resulted if only the central part of the weight loss curve was 



considered.73 Hence, the two groups demonstrate the effect of conversion on the intrinsic 

rates.74 Kinetics derived using the latter approach led to a better agreement with experimental 

results, especially for temperatures higher than 700 – 800 K, so beyond the temperature range 

used in deriving those kinetic coefficients.  

The problematic influence of heat transfer, when investigating the kinetics of pyrolysis, is 

relatively well-known. When biomass particle is quickly exposed to a high temperature, the 

rate of reaction approaches the rate of heat transfer but cannot exceed it because of the 

endothermicity of pyrolysis. Another common problem in studies focused on kinetics concerns 

the dependency of the rate expression on conversion models, which are often assumed a 

priori. The final effect concerns an isokinetic relationship between the preexponential factor, 

𝐴, and the activation energy, 𝐸𝑎. The isokinetic problem represents a situation when the same 

value for the rate can be obtained with multiple pairs of 𝐴 and 𝐸𝑎. Consequently, a low value 

of 𝐸𝑎 can be compensated by a low value of 𝐴, because of the logarithmic nature of the 

Arrhenius expression.75 To overcome the compensation effect in pyrolysis, results should be 

gathered from experiments at varied conditions (e.g. heating rates, temperature programs) to 

avoid repeating systematic errors. The compensation effect was discussed in Di Blasi’s 

review,55 followed by a few recent studies for specific types of biomass.76–78  

Going beyond the three primary decomposition reactions, Di Blasi proposed a set of 

secondary reactions that describe cracking and repolymerization of tars into lighter gases and 

char,57  as shown in Fig. 4, with kinetic parameters available in literature.57,79 The secondary 

transformation of tars is highly relevant in biomass gasification and flash pyrolysis applications, 

affecting the composition of product streams. During combustion, tars should oxidize to CO 

and CO2, but their polymerization leads to the emissions of polycyclic aromatic hydrocarbons 

(PAH) and volatile organic compounds (VOC) from fluidized beds.80,81   

Modeling biomass particle as a homogenous solid is a crude but often effective simplification. 

As noted earlier, woody biomass comprises cellulose, hemicellulose and lignin, with a typical 

content of the listed components of 42, 27, 28 wt%, respectively for softwood, and 45, 30, 

20 wt%, respectively for hardwood82,83). In experiments with low heating rates, decomposition 

of those natural polymers is relatively easily discernible, with each reaction occurring in a 

separate, although partially overlapping, temperature range: 498 – 598 K for hemicellulose, 

598 – 648 K for cellulose, and 523 – 773 K for lignin.84 At higher heating rates, significant 

degradation rates will be obtained by all the components simultaneously, and so all three 

reactions will overlap, creating an illusion of one global process, thus, justifying the applicability 

Figure 4: One-component mechanism of the primary wood pyrolysis proposed by 

Shafizadeh and Chin68 and secondary reactions by Di Blasi.57      

 



of the homogenous kinetic model. That said, at high heating rates, pyrolysis can quickly 

become limited by heat transfer; thus, the extraction of kinetic parameters would require 

decoupling kinetics from the heating effects.  

By assuming no interaction between pyrolysis of the three polymers, the kinetics for three 

separate decomposition reactions can be obtained by performing experiments at low heating 

rates, generally below 10 K min-1, and using three homogenous kinetic models. For example, 

Gronli et al. described pyrolysis of wood using three independent and parallel 1st order 

reactions, with all kinetic constants expressed in the Arrhenius form.85 With experiments at 

5 K min-1, they found the activation energy for pyrolysis of hemicellulose, cellulose and lignin 

to be 80 – 116 kJ mol-1, 195 – 286 kJ mol-1 and 18 – 65 kJ mol-1, respectively. Another common 

approach is to use more than three 1st order reactions, ascribing a few reactions to the 

decomposition of each of the three polymers.86 In addition to fitting the experimental results 

better, the multiple reactions approach might be more appropriate for polymers that are 

amorphous or can take different structures (e.g. hemicellulose of deciduous woods contains 

mainly xylan, whereas coniferous woods contain mannan).  

Other approaches to describe pyrolysis using multi-component mechanisms exist; for 

instance, Miller and Bellan used nine reactions, three for each of the polymers, proposing that, 

in each set, the first reaction was to activate the component, while the second and third were 

to describe the component’s decomposition into gas, char and tars.87 Another similar approach 

is the bio-chemical percolation devolatilization (bio-CPD) model, where a labile bridge is firstly 

activated to form an intermediate form of a reactive bridge, and, consequently, a char bridge 

(with gas) and a side-chain, which can convert into a light gas (analogous to the secondary 

reaction of tars into gas).88,89 In bio-CPD, instead of a single value of activated energy, a 

distribution of activation energy describes the kinetics of each transformation. The argument 

of adding more reactions is supported by microchemical studies of pyrolysis of cellulose, which 

decomposes into a wide range of intermediate and final products, with reaction mechanisms 

and associated kinetics available in the literature.90,91  

A further extension from the multiple-reaction models is the distributed activation energy model 

(DAEM), in which pyrolysis involves an infinite number of reactions, described with a 

continuous distribution of the activation energy. A comprehensive review of DAEM and its 

application to pyrolysis of lignocellulosic biomass was given by Cai et al.92 In DAEM, the mass 

of remaining volatiles that will be released in a reaction with the activation energy between 𝐸 

and 𝐸 + d𝐸 at a given time, 𝑡, is 𝑚(𝐸, 𝑡)d𝐸;93 hence, the mass of all unreleased volatile 

components can be obtained by integrating over all possible values of 𝐸. Then, the mass 

fraction of the volatiles remaining in the solid, 𝑀𝑣(𝑡) 𝑀𝑣𝑜⁄  arises as:   

 

∫ 𝑚(𝐸, 𝑡)d𝐸
∞

0

𝑀𝑣(𝑡)⏞  

𝑀𝑣𝑜
= ∫ 𝑔(𝐸) × exp [−𝐴(𝐸)∫ exp(−𝐸/𝑅𝑇) d𝑡 

𝑡

0

]  d𝐸
∞

0

  
(7) 

where 𝐴(𝐸) is the pre-exponential factor accompanying a given activation energy, 𝐸, while 

𝑔(𝐸) is the distribution of the activation energies93. For the case where 𝑔(𝐸) and 𝐴(𝐸) are 

known, the yield of volatiles can be determined using Eq. (7) even though the calculations will 

be relatively computationally demanding.93 For the inverse situation, i.e. determining 𝐴(𝐸) and 

𝑔(𝐸) from pyrolysis experiments, the problem is mathematically ill-posed, thus, unsolvable,  

except for simplified cases where the number of reactions is finite, and the reactions are 



independent and do not overlap, as discussed by Scott et al.93 One of the common approaches 

to overcome the ill-posed problem is to assume the type of the distribution that describes 𝑔(𝐸); 

for instance, often, a Gaussian distribution is taken, adjusting the mean and the standard 

deviation of 𝑔(𝐸) to fit the model to measurements.64,92,94–97 As a side note, the CPD model 

described earlier usually implements a Gaussian distribution as well.98 For DAEM and its 

application for determining pyrolysis kinetics, an algorithm was developed by Scott et al.93, 

and demonstrated on pyrolysis of sewage sludge in a fluidized bed,99 and later in a range of 

various types of unconventional, so often difficult to handle and model, fuels, such as date 

palm waste100 or microalgae101. Recently, a two-dimensional DAEM was developed by 

considering the pre-exponential factor, 𝐴, as a separate variable, independent of 𝐸, and the 

distribution function is two-dimensional, 𝑔(𝐴, 𝐸), depending both on 𝐴 and 𝐸. The justification 

is that the relationship between 𝐴 and 𝐸 is unclear; hence, treating them independently will 

help overcome problems with 1-D DAEM, caused, for example, by the compensation effect.102     

Some of the developed multi-component models allow for parallel, competitive, or 

interdependent pyrolysis reactions. For example, Renzi et al.103 proposed a set of 29 pyrolytic 

primary and secondary reactions, now known as a CRECK group model. The work was later 

extended to 32 reactions and analyzed in a metastudy of ~250 pyrolysis experiments from 

30 papers.104 The distinctive characteristic of this model is the feasibility of predicting the 

composition and characteristics of all products, including the generated solid residue, char. 

Finally, some recently published work analyzed pyrolysis on a molecular level using quantum 

mechanics calculations, for example, applying density functional theory (DFT). Because of the 

heavy computational load involved in DFT simulations, most published studies focused on 

reaction pathways and energy requirements during pyrolysis of a model compound, such as 

cellulose.91 Recent progress in the application of quantum chemistry for biomass pyrolysis 

was given by Hu et al.105 

Particle scale modeling  

For a devolatilizing particle of a solid fuel, the following differential equations describe the heat 

and mass balances:   

Heat balance (assuming gas and solid are in local thermal equilibrium): 

 𝜌𝑠(𝑟)𝐶𝑝,𝑠(𝑟)
𝜕(𝑇)

𝜕𝑡
=
1

𝑟𝑛
𝜕

𝜕𝑟
(𝑟𝑛𝜅𝑠(𝑟)

𝜕𝑇

𝜕𝑟
) − 𝐺𝑑(𝑟)∆𝐻𝑝𝑦 − 𝐹(𝑟)𝑐𝑝,𝑣

𝜕𝑇

𝜕𝑟
  (8) 

And mass balance (solid particle):  

 
𝜕𝜌𝑠(𝑟, 𝑡)

𝜕𝑡
= −𝐺𝑑(𝑟)   (9) 

where 𝑛 is the shape factor (0, 1 or 2 for slab, cylinder or sphere, respectively), 𝐺𝑑 is the rate 

of release of volatiles per unit volume, described using a suitable kinetic model, ∆𝐻𝑝𝑦 is the 

heat of pyrolytic reaction, and 𝐹 is the flux of volatiles, so that, the last term of Eq. (8) describes 

the enthalpy of volatiles leaving the particle. A simplified mass balance in Eq. (9) ignores any 

effects of intra- and extra-particle mass transfer because during pyrolysis and drying the 

influence of heat transfer is much more significant than of mass transfer.106  

The flux of volatiles can be calculated from volatiles conservation equation in the gas phase, 

assuming a quasi-state situation with negligible transient and diffusional terms, hence, 

obtaining:   



 𝐹(𝑟) =
1

𝑟𝑛
∫ 𝑟𝑛𝐺𝑑(𝑟) 𝑑𝑟
𝑟

0

  (10) 

As in the drying models, the cooling effect from the efflux term is sometimes neglected,107 but 

in other cases was found important (i.e. high Peclet number, as expected during 

pyrolysis108,109). For simplification, the contribution from the efflux of volatiles is sometimes 

accounted for by introducing a correction factor.110 

One of the common approaches to simplify Eq. (8) is to determine limiting factors, which then 

leads to reduced models of thermally thin or thick particles. For example, Bryden et al.32 

modelled the pyrolysis of a wood slab using Eq. (8) and then classifying considered cases into 

four pyrolysis regimes: (1) thermally thin and limited by slow chemical reactions, (2) thermally 

thin and heat transfer limited, (3) thermally thick, and (4) a thermal wave regime, in which 

devolatilization follows a shrinking core model. The first three regimes were earlier identified 

by Pyle and Zaror,106 who performed a scaling analysis on Eq. (8), and determined the limiting 

criteria using the Biot number, Bi and pyrolysis number, Py (all dimensionless numbers are 

provided in the nomenclature). However, as mentioned by Bryden et al.32, those transition 

criteria required updating between low and high temperatures; otherwise, the simplified 

approach led to significant errors. The influence of temperature and of heat of pyrolysis were 

later addressed by Scott et al.,99 who proposed a third dimensionless group called a heat 

release number, Hr. With Hr ≫ 1, the enthalpy of pyrolysis is considered significant. Under 

some circumstances (e.g. the particle is sufficiently large so that Bi ≫ 1 and Hr ≫ 1), the 

devolatilization problem in fluidized beds can be solved with an analytical solution based on 

the shrinking core approach, as shown by Chern and Hayhurst.13,111–113 

Drying and pyrolysis can be considered as separate processes induced by thermal 

treatment,31,114,115 or, alternatively, drying can be incorporated as a pseudo-reaction in the 

pyrolysis model.32,116,117 Agarwal et al. analyzed situations in fluidized beds where drying and 

pyrolysis overlap, assuming no chemical interaction between moisture and volatiles, and 

noting that the answer depends on the thermophysical properties of the system and the fuel, 

Figure 5: Typical temperature profiles inside a thermally thick wood particle during 

drying and devolatilization in a fluidized bed. Results recreated using input information 

from Storm and Thunman.121 



such as the Biot number (𝐵𝑖), the temperature of the bed, moisture content.118 At a low bed 

temperature and when Bi ≪ 1, the particle can be considered isothermal, and, in 

consequence, no devolatilization would occur as long as the heat sink (moisture) is present. 

Hence for Bi ≪ 1, drying and devolatilization can be modelled as separate, sequential 

processes. In contrast, for a thick particle (Bi ≫ 1), pyrolysis begins well before the moisture 

evaporation is completed, meaning that both processes should be considered simultaneously, 

and that propagation fronts of drying and pyrolysis will be observed.39,119 In this situation, 

typical temperature profiles are demonstrated in Fig. 5.120 For thermally thick particles, the 

governing equations might differ to Eqs. (8-9), depending on the regions inside the particle. 

As a qualitative measure of a possible overlap, a dimensionless parameter, called the drying 

number, Dr, which compares the kinetic rate of devolatilization to the rate of drying, was 

proposed by Thunman et al.33 If Dr is small (< 10-1), then drying and devolatilization can be 

modelled separately.33 The analysis was further extended using three dimensionless 

numbers, Dr, Bi and the Damköhler number, Da, and the discussion was summarized by 

Gomez-Barea and Leckner.13 

 Combustion of volatiles 

The timescale of pyrolysis is significantly shorter than the timescale of char combustion, mainly 

because combustion is usually limited by slow kinetics (at low temperatures) or oxygen 

transport (at high temperatures), while the release of volatiles is controlled by heat transfer, 

which, in fluidized beds, is typically fast (see Section 3.1). Nevertheless, the fate and reactions 

of the released volatiles significantly affect the overall performance of fluidized bed reactors 

because a significant portion of biomass is transformed into volatiles, and its combustion 

represents ~ 50-60 % of the total energy in the fuel.121 Hence, the burning of volatiles affects 

the temperature distribution, overall efficiency of combustion, composition of the off-gas, and 

the formation of temperature-sensitive pollutants (e.g. NOx). 

Gas released from a biomass particle surrounds it, forming an endogenous bubble, which later 

detaches and raises to the top of the bed.122,123 Depending on the effectiveness of gas mixing 

between the bubble and the emulsion phase, some fraction of the volatiles burns within the 

bed, but the dominating share of volatiles combusts once the bubble bursts, accessing oxygen 

in the splash zone and the freeboard. Furthermore, the moving particles of the bed material 

act as a flame arrestor, hindering gaseous reactions by quenching radicals, which are 

intermediate species, essential for sustaining homogenous burning. Experimental studies 

demonstrated that the homogenous combustion of CO and hydrocarbons (CH4 or C3H8) in 

beds of fluidizing inert particles (SiO2) was significantly inhibited.124–126 As a result, ignition 

occurred at higher temperatures than the spontaneous ignition temperature observed in 

premixed or diffusive flames. Interestingly, very little work was done on H2 combustion in 

fluidized beds, except for a study by Baron et al., who noticed that H2 burned in the bubble 

phase at a temperature ~100 K lower than predicted by kinetic models.127 The authors 

explained that this surprising result was caused by the catalytic effect of Ni-containing steel 

tubes feeding the fuel to the reactor.  

Depending on the temperature, gas velocity (𝑈/𝑈𝑚𝑓), and the type and size of the fluidized 

bed, homogeneous combustion will occur firstly in the freeboard, then in the bubbles, and 

finally in the emulsion phase.128 Scala and Salatino modeled biomass combustion in a fluidized 

bed, noting that at 850ºC, less than 10% of the volatile matter combusted in the bed, while the 

rest burned in the splash zone and freeboard.121 This result is indicative of possible problems 

when burning biomass, as a non-negligible heat release can occur above the bed (~ 55% of 



the total heat release in the described simulation121). Because of the density difference 

between biomass and the bed material and the lift from the endogenic bubble of volatiles, the 

biomass particles tend to separate and float at the top of the bed (see Section 3.4). In that 

case, the volatiles are released directly to the freeboard with very little mixing with the 

particulate phase. Some recent studies focused on analyzing the main operational parameters 

that would help burn volatiles in the bed in a “flameless” mode;123,129 others proposed simple, 

dedicated devices to keep the biomass particles submerged and help distribute volatiles in the 

bed.130,131  

During biomass combustion, the main homogeneous reactions are the oxidation of volatiles, 

the water–gas shift reaction, the burning of CO (see Section 2.3), and secondary reactions of 

hydrocarbons. In some cases, while the particle scale modeling can neglect homogenous 

combustion, modeling of fluidized bed combustion of biomass at a reactor scale should include 

homogenous combustion in the freeboard, and ideally also in the bed. Mixing and reactions in 

the freeboard for both bubbling and circulating beds have been extensively studied and 

reviewed before,13,15 and a range of similarities can be found when compared with 

homogeneous combustion above a fixed bed in moving grate combustors.24  

Mathematical modeling of combustion of volatiles should account for the described 

phenomena, such as segregation of the fuel and the volatiles,123 reaction inhibition by the 

particulate phase, and the distribution of the volatile components. However, most publications 

introduce some significant simplifications, such as representing the released volatiles as a 

single species of a lumped composition. The reaction quenching by the fluidizing particles is 

also rarely addressed.13 Instead, the same combustion kinetics are often applied across the 

whole model. In such cases, the kinetic rates of homogeneous burning are usually modelled 

with global expressions, eliminating the possibility of flame retardation by the solids, unless 

the kinetics were determined empirically for the required conditions and bed materials. As 

noticed by Gómez-Barea and Leckner,13 most of the used kinetic expressions give significantly 

different results. Worryingly, studies referenced as the source of the applied kinetic 

expressions are rarely the original work; hence, the details about the applicability of those 

commonly used kinetics become obscure.  

As an alternative approach, two sets of kinetic parameters can be considered, one for 

combustion in the bed, and another for the freeboard, as demonstrated by Dounit et al.132 for 

premixed combustion of methane in a fluidized bed of sand. To highlight the issue with kinetics 

further, Wu et al. compared three commonly used types of kinetics for methane combustion, 

taken from different experimental setups: laminar flow, turbulent flow, and jet-stirred reactors, 

demonstrating that only the last one gave a result that allowed reasonable predictions of 

combustion of CH4 bubbles in a fluidized bed.133 

 Char combustion 

After devolatilization, the solid residue, char, combusts and gasifies in heterogeneous 

reactions with an oxidizing gas. The yield, reactivity and internal structure of char depend on 

the fuel properties (type of biomass, particle size, pre-treatment) and the conditions of 

devolatilization (heating rate, reactor type, temperature history).134 Char properties can be 

characterized by their level of carbonization, which indicates how much the original structure 

of biomass was reorganized in pyrolysis. Carbonization comes from cross-linking and 

molecular rearrangement, occurring simultaneously with the breakage of weak bonds, 

releasing light components to the gas phase. The level of carbonization depends on the final 

temperature of pyrolysis and, if the temperature is high enough, all chars will have a similar 



structure, regardless of the origin of biomass.135 Their reactivity can still differ, likely because 

of the differences in the content of catalytically active inorganic elements, especially alkali and 

alkaline earth metals.134  

Process conditions during pyrolysis also influence the yield and composition of the released 

volatiles; high heating rates and moderate temperatures promote the production of oils, high 

temperatures increase the yield of light gases, and low heating rates and low temperatures 

improve the yield of chars. Further discussion and a graphical summary of product yields from 

published experiments in fluidized beds were presented by Di Blasi.12  

If the char is prepared ex-situ and then introduced to a fluidized bed, secondary devolatilization 

can be observed, caused by a thermally induced reorganization of the char structure. The 

process is accompanied by a small weight loss and release of light gases (i.e., CO, CO2, CH4). 

The overall impact of the secondary devolatilization on combustion in fluidized beds should 

not be significant. However, qualitative evaluation of that impact has not been broadly 

researched, with the process obscured by char combustion.  

Among all the discussed processes of biomass conversion in fluidized beds, the heterogenous 

reactions with char last the longest. Besides being the slowest step, char oxidation is also 

readily limited by the delivery of the oxidizing gaseous components. For highly porous biomass 

chars at low temperatures, combustion will be affected by the reaction kinetics, but a moderate 

increase in the temperature will speed up the kinetics sufficiently to use up the oxygen close 

to the particle surface. This is when combustion as a process becomes limited by intraparticle 

mass transfer of the gaseous oxidizer and the reaction products through the char matrix. 

Further increases in the char temperature (caused by, for example, the exothermic nature of 

combustion) accelerate the rate, so that oxygen becomes further depleted within the char 

particle and also its surrounding gas. The rate is then controller by the transfer of oxygen from 

the bulk. These three situations are often referred to as Regime I (kinetic control), Regime II 

(intraparticle diffusion control), and Regime III (interparticle diffusion control); although, for 

combustion, Regime II can also indicate a situation where the reaction takes place in a thin 

external shell within the char particle,136 so that the observed rate is influenced by both internal 

and external transport. 

Because the combustion of char strongly affects the overall duration of biomass conversion, 

the approach of modelling char combustion significantly affects the accuracy of the overall 

engineering prediction for biomass combustion. Burning of char is often described as a steady-

state process; however, experiments show that the rate of combustion changes with 

conversion (usually increases), which is ascribed to the changes in the internal structure: an 

increase in the char porosity, a higher number of active sites on the developed surface, and a 

higher concentration of catalytic metals (K, Ca) per carbon atoms. Previous reviews provide a 

further overview.12,57 Beyond the listed factors, the reactivity of char is also manifested through 

the combustion products, CO and CO2. Assuming the same rate for oxygen delivery in the 

mass transfer-controlled regimes, if the combustion produces only CO, then the burnout time 

is half the time expected if combustion produced CO2 instead. The discussion about the final 

products is still open in the literature, and, in the case of biomass research, recent works 

provide some new insight (see Fig. 6). 

Primary CO to CO2 ratio from char combustion  

Carbon can be oxidized to either CO or CO2 following reactions [R1] and [R2], respectively.  

C(s) +
1

2
O2 → CO                                             𝛥𝑟𝐻°(298 𝐾)  =  −110 kJ/mol [R1] 



C(s) + O2 → CO2                                             𝛥𝑟𝐻°(298 𝐾)  =  −393 kJ/mol [R2] 

C(s) +
ξ+2

2(ξ+1)
O2 →

2ξ

2(ξ+1)
CO +

2

2(ξ+1)
CO2        𝛥𝑟𝐻°(298 𝐾)  =  −

1

𝜉+1
(𝜉 × 110 + 393) kJ/mol [R3] 

where 𝜉 is the CO/CO2 molar ratio. 

As mentioned earlier, the burnout time of chars depends on the primary CO/CO2 ratio, defined 

as the ratio of the two products created from the reaction at the particle surface.135–137 As 

pointed out by Scala, any additional CO2 from the combustion of CO at, or near, the surface 

of the carbon particle will be difficult to separate from the “primary CO2”. Because the effect of 

that additional CO combustion is similar to effect of the “primary CO2” (total heat release and 

oxygen consumption), from the practical point of view, its input might be as well included in 

the “the primary CO2” population.137 

Both surface combustion reactions (R1-2) are usually described using the Langmuir-

Hinshelwood mechanism, although the proposed steps of the mechanisms can differ.140,141 

The starting point always involves O2 adsorption using an active carbon site C() on the char 

surface, and a subsequent formation of a carbon-oxygen complex, C(O). The surface complex 

can then desorb, producing gaseous CO or CO2, or participate in a reaction with a gaseous 

O2 molecule, also giving off CO or CO2.140,142 An alternative scenario, where the 

heterogeneous reaction results primarily in CO, was also discussed.143 In that case, CO2 would 

be created solely from CO oxidation in the gas phase.  

The primary CO/CO2 ratio conveys important information about the combustion and the 

associated heat release. Reaction [R2] is more exothermic than [R1]; therefore, if the CO/CO2 

ratio is low, meaning CO2 is the primary product of char combustion, then the released heat is 

significant, causing an increase in the char temperature, and consequently faster combustion. 

Research on CO/CO2 ratio has been primarily carried out for coal char, with only a few studies 

reporting on the CO/CO2 ratio in biomass combustion.136 This is quite a significant gap in 

research because biomass chars are frequently described as more reactive, which should 

directly connect to the distribution in the combustion products. Even though the same 

fundamental understanding is expected to apply for biomass and coal chars, dedicated 

research is needed to fully support this argument and add to the discussion on the combustion 

mechanisms. 

Measurements of the primary CO/CO2 ratio in fluidized beds are difficult because CO can be 

oxidized in the bed far from the burning particle, although in some cases inert sand can 

effectively quench CO combustion through recombination of radicals.124,144 In another 

scenario, if CO2 is present close to the char surface, then it will react through the reversed 

Boudouard reaction [R4], producing additional CO.  

 C(s) + CO2 → 2CO             𝛥𝑟𝐻°(298 𝐾)  = 173 kJ/mol [R4] 

For clarity in discussing CO/CO2 ratios in char combustion, these two additional reactions (1) 

the oxidation of CO in the emulsion phase away from the char particle, and (2) char gasification 

through [R4] are referred to as secondary reactions.  

To avoid the influence of secondary reactions, various strategies have been implemented, e.g. 

by adding POCl3 to the gas stream with the intent to inhibit the secondary oxidation of CO.145 

In another study, high flow rates of gas were used to minimize the gas residence time and, 

hence, the secondary reactions.146 In-situ gas sampling close to the surface of the char particle 

has also been attempted, with the intent of minimizing the contribution of CO combustion in 

the emulsion phase.147 Additionally, the fluidizing gas was dried before its introduction into the 



bed. The goal was to remove any trace of moisture and, hence, any OH radicals, which are 

vital for effective CO combustion.147  

The CO/CO2 ratio changes with the char temperature, with a dependency that is usually 

represented in Arrhenius form, viz. 

 
[CO]

[CO2]
= 𝐴 exp (−𝐵 𝑇𝑝)⁄  (11) 

where 𝐴 and 𝐵 are constants and 𝑇𝑝 is the temperature of the burning particle.145,146,148 

Equation (11) indicates that the primary CO/CO2 ratio increases with temperature. Some 

studies, however, demonstrated that during combustion in fluidized beds, this dependence 

might not be monotonic. Linjewille et al.147 discussed that at low temperatures, oxygen is able 

to penetrate into the bulk of a char particle, and the combustion results largely in CO. Outside 

of the particle, the rate of the homogeneous oxidation of CO at low temperatures and in 

fluidized beds is negligible but increases with temperature, as does the measured CO/CO2 

ratio. With a further increase in the temperature, CO starts to combust already in the char 

pores, which leads to a depletion of O2 in the char matrix and a decrease in the CO/CO2 ratio. 

At very high temperatures, the heterogenous reaction becomes confined to the external 

surface of the char particle. Additionally, the CO produced cannot oxidize in the boundary 

layer because of quenching by the surrounding bed particles. Consequently, the CO/CO2 ratio 

again increases. 

The uncertainty of experimentally evaluated CO/CO2 ratios is especially high for methods 

based on analyzing the off-gas composition because even if the sampling line is positioned 

close to the surface of the char particle, the measurements could still be affected by gas mixing 

and reacting downstream of the sampling point. To overcome this problem, determination of 

the gaseous products should ideally be done in-situ, at the particle surface. While this has not 

yet been explicitly reported, the future studies will surely implement advanced surface 

sensitive techniques, investigating the transient surface species and the combustion products. 

Some initial studies examined oxide species from ex-situ prepared fuel samples, although so 

far only for coal chars.149  

Other methods for determining CO/CO2 ratios without gas analysis were also proposed. For 

example, Hayhurst and Parmar128 carried out combustion experiments using single graphite 

spheres with a thin thermocouple inserted into the sphere to measure its temperature. From 

the collected temperature profiles, they performed an energy balance, determining how much 

of the available carbon oxidized in reaction [R2]. The results indicated that the CO/CO2 ratio 

decreased as the temperature of the bed increased, reaching a value of 1 at 900°C. Hayhurst 

and Parmar128 concluded that solid carbon burns exclusively via reaction [R1], producing CO, 

which later combusts in the gas phase. The quenching influence of the fluidized bed material 

was the main reason why CO was the only product below 800°C. The authors later argued 

that with increasing the bed temperature, the CO in small bubbles started to combust. At 

900°C, combustion in the particulate phase occurred; therefore, the CO has now oxidized 

already in the vicinity of particle. As suggested by Mao,150 the observations might be skewed 

because the assumption about the heat distribution might not be valid in fluidized beds. 

Namely, the heat from char combustion was assumed to be used for heating the particle, and 

the rest of the heat was transferred to the bed by radiation and convection; however, other 

complexities could have been involved, e.g. the heat being fed back by the particle motion in 

the emulsion phase. 



Scala proposed another method of determining the primary CO/CO2 ratio by burning a single 

sphere of char in a bed fluidized by a gas mixture with low O2 content.137 By using a low 

concentration of O2 in the gas, combustion will be readily controlled by O2 transfer to the char 

particle. Additionally, the heat release will be relatively slow, so the temperature of the char 

particle will remain close to the temperature of the bed. Thus, the gas properties in the particle 

boundary layer can be still evaluated using the temperature of the bed, with a negligible error. 

Under external diffusion control (to the surface of the char particle), the rate of combustion per 

unit external surface area of char particle, 𝑅𝑝 (mol m-2 s-1), can be expressed as:  

 𝑅𝑝 = 𝜆𝑘𝑔𝑐𝑂2 (12) 

where 𝜆 is the molar ratio between the consumed carbon and oxygen; from the stoichiometry 

in [R3], 𝜆 is equal to (1 + 𝜉) (1 + (𝜉 2⁄⁄ )), with 𝜉 being the molar ratio of CO/CO2. Furthermore, 

𝑘𝑔 is the mass transfer coefficient within the boundary layer and 𝑐𝑂2 is the molar concentration 

of O2 in the particulate phase. The value of 𝑘𝑔 can be determined through a Sherwood 

number151, which itself comes from semi-empirical correlations, for example:    

 𝑆ℎ = 2.0𝜀𝑚𝑓 + 0.70(𝑅𝑒𝑚𝑓 𝜀𝑚𝑓⁄ )
1 2⁄
𝑆𝑐1 3⁄  (13)  

where 𝜀𝑚𝑓 is the bed voidage at the minimum fluidization conditions, 𝑅𝑒𝑚𝑓 is the Reynolds 

number calculated using the minimum fluidization velocity, and Sc is the Schmidt number. 

Equation (12) can be used to solve for 𝜆 by combining mass balances in emulsion and bubble 

phases, and by knowing the extent of particle conversion, 𝑋.  

Another method of determining the CO/CO2 ratio was recently proposed by Hu et al.,139 using 

thermogravimetric measurements. The evaluation of CO/CO2 ratios was done by comparing 

the rate of combustion of carbon, measured from the mass change, with the rate of oxygen 

transfer, determined in an experiment with a reference material, in their case, through the 

oxidation of particles of Cu (Cu+1/2 O2↔CuO). Both reactions were studied at a high enough 

temperature to assure full mass transfer control. If the resulting rates were equal, the main 

product of char combustion would be CO because all the delivered O2 must have been 

consumed in [R1]. If the rate of combustion was lower than the rate of Cu oxidation, the 

gaseous products would contain CO2, as expected from the stoichiometry of [R2]. Hu et al.139 

found that in an atmosphere of ~1% O2, between 700 and 900°C, a graphite produced only 

CO2, whereas a lignite char, up to 850°C, produced a mixture of CO and CO2, with the 

proportion of CO increasing with temperature. Above 850°C, only CO was produced. The 

same method was recently applied to determine the CO/CO2 ratio from the combustion of 

birch char. The char was prepared in a fluidized bed, but the combustion experiment was 

carried out in a thermogravimetric analyzer. Kwong et al.136 demonstrated that the birch char 

combusted with a CO/CO2 ratio between 0 to 4.0, changing with the experimental temperature 

between 700 and 900°C. 

Most of the published studies on CO/CO2 ratio considered chars derived from coals, and only 

a limited number of studies provided results for biomass chars. For example, Anna-Couce et 

al. gave CO/CO2 ratios from the combustion of straw, spruce and miscanthus char, measured 

with a gas analyzer downstream from a single-particle reactor.152 Similarly, Morin et al. and 

Peterson and Brown looked into the outlet gas composition when burning chars derived from 

biomass in a fluidized bed reactor.153,154 In those studies, the influence of secondary reactions 

was not evaluated, so the measured product ratios might not be fully representative of the 

primary CO/CO2 ratios. Interestingly, the temperature range in Morin et al.’s study was 

relatively lower than in other combustion experiments, as summarized in Table 3. At low 



temperatures, the secondary reactions, especially in fluidized beds, might have been 

insignificant.155 Additionally, the outlet gas was sampled at the bed surface, and, hence, the 

influence of reactions in the freeboard was minimized. Morin et al. found that the CO/CO2 ratio 

from the combustion of char particles from beech wood increased with temperature,153 as 

shown in Fig. 6, in agreement with the trend observed by Kwong et al. for birch char,136 and 

others for non-biomass chars (Table 3). However, CO/CO2 ratios found by Peterson and 

Brown for other biomass-derived chars decreased with temperature. This is probably the effect 

of the secondary reactions inside the bed or, more importantly, in the freeboard, as the gas 

was sampled at the outlet of the reactor.154 

Comparing Peterson and Brown’s results for different types of biomass chars, the char derived 

from herbaceous biomass produced more CO, giving a higher CO to CO2 ratio, compared to 

woody biomass, as shown in Fig. 6. The observed CO/CO2 ratio and the combustion rate were 

found to correlate with the total ash content in char, the overall content of metals, and the 

content of potassium in the ash.154 Potassium is believed to enhance the production of CO2 

by facilitating faster transport of oxygen from the gaseous phase to the adsorbed oxygen at a 

carbon reactive site.156 Conclusions about the catalytic role of potassium in Peterson and 

Brown’s work was further consolidated by burning char particles after an acid-wash. With 

potassium being removed, the char particles burned with a lower rate and higher CO/CO2 

ratio.154 

Experimental results for primary CO/CO2 ratios for a range of fuels are summarized in Table 3. 

The ratio changes with temperature but the exact dependency varies from fuel to fuel. 

Additionally, the CO/CO2 ratio depends on the concentration of O2 in the system, but the form 

of this dependency is rarely reported. For a detailed description of biomass combustion, the 

CO/CO2 ratio should be determined for an expected O2 concentration, prior to constructing 

the particle-scale models.  

 

Figure 6: Ratio of CO to CO2 from combustion of various types of biomass chars at 

different temperatures.154,155,164 Experiments in air (pO2 = 0.21 bar), unless stated 

otherwise. 

 



Table 3: Summary of published work discussing the CO/CO2 ratio from burning various fuels.  

Experimental 

System 

Ref. Fuel type Temperature 

(K) 

Vol % O2 [CO] / [CO2] 

Flow system 

 

145 Coal char and 

graphite 

730 – 1170 5 – 25 2510exp(-6240/T) 

146 Electrode 

carbon 

790 – 1690 5 – 25 1860exp(-7200/T) 

157 Vitreous carbon 770 – 920 3 – 15 25.7exp(-2000/T) 

152 Straw, Spruce, 

Miscanthus 

773 - 1273 5.6 0.09 – 0.99 

Fluidized bed 158 Graphite  985 – 1110 20 0.17 – 0.50 

158 Petroleum coke 

 

850 – 970 

970 – 1220 

1220 – 1650 

21 1240exp(-7640/T) 

0.00472exp(4500/T) 

12.4exp(-5060/T) 

128 Graphite  1080 – 1400 21 4.0 – 0.0 

138 Bituminous 1073 – 1173 0.5 – 8.0 ~ 0 

150 Active carbon 973 – 1173 21 5.3 – 19 (1) 

153 Beech wood 603 - 643 5 – 21 6309exp(-6724/T) 

154 Douglas fir, 

Pine, Red Oak, 

Willow, 

Switchgrass, 

Corn stover 

693 - 839 21 Herbaceous: 

0.0071exp(2440/T) 

Woody: 

0.038exp(1800/T) 

Thermogravi

metric 

methods 
 

160 Soot 670 – 890 5 – 100 120exp(-3200/T) 

161 Highly-pure 

carbon 

900 – 1600 40 – 100 600exp(-8000/T) 

(𝜌𝑌𝑂2)
−0.24 (2) 

139 Graphite,  

Lignite 

973 – 1173 

 

1 ~ 0 

From 0 (at 973K) to only 

CO (at 1173K) 

162 Coal char 873 – 1173 4,10,20 0.95 – 1.4 

163 Birch char 973 – 1173  0.57 – 

2.3  

1290exp(-14350/T) 𝑃𝑂2
−1.08 

(3) 

Static system 164 Graphon  798 – 948 1 – 21 Aexp(-3220/T), where A 

varies from 140 to 200 

Electrodynam

ic balance 

148 Spherocarb char  670 – 1670 5 – 100 50.0exp(-3040/T)𝑃𝑂2
−0.21 (4) 

 
(1) Some of the values of CO/CO2 ratios were negative due to the uncertainty in the 

experiments. Those were excluded from the summary in Table 3. 
(2) ρ is the density of gas (kg m-3) and Y is the mass fraction of O2. 

(3) P in bar. 

(4) P in atm. 



Recently, Shaddix et al.165 looked into the existing work on the CO/CO2 ratio, analyzing several 

studies listed in Table 3.145,146,148,157,160,161 They concluded that the expression for the CO/CO2 

ratio proposed by Tognotti et al.148 gives the most accurate results, applicable for large-scale 

modeling of combustion of coal chars, because Tognotti et al. considered the effect of partial 

pressure of O2 and performed experiments in a broad temperature range.  

Besides the discussed experimental studies, some authors tried to predict the CO/CO2 ratio 

numerically using various approaches, for example, a mechanistic oxidation model that 

employs multistep semi-global kinetics.142,166–168 The proposed reaction pathways have been 

used to explain the impact of the temperature168 or partial pressure of O2
169 on the CO/CO2 

ratio. Another investigation looked into the influence of metallic elements, although the 

analysis was mainly qualitative.169 Quantum mechanics calculations were performed using a 

DFT modeling to explain the mechanism of formation of CO2 when burning pure carbon (e.g. 

graphene)170, but, again, the results were only qualitative. Theoretical studies on the CO/CO2 

ratio produced specifically from the oxidation of biomass chars are yet to come.   

To conclude, the information about the primary CO/CO2 ratio could be summarized as follow:  

1. The ratio depends on the temperature, oxygen partial pressure, presence of ash 

(metallic impurities), and the nature of the carbon (amorphous/ graphitic).153    

2. Most studies indicate that the CO/CO2 ratio increases with the combustion 

temperature.  

3. There is no consensus about the effect of partial pressure of O2. 

4. For the same type of fuel, a higher content of mineral matter favors the formation of 

CO2; however, clear indication about which elements facilitate the reaction is lacking.  

Kinetics of char oxidation  

The simplest approach to describe the rate of char oxidation is to express the global kinetics 

as an empirical nth order power law with respect to oxygen:171,172  

 𝑅𝑝 = 𝑘𝑎𝑝𝑐𝑂2,𝑠
𝑛 = 𝐴𝑎𝑝 exp (−

𝐸𝑎𝑝
𝑅𝑇
) 𝑐𝑂2,𝑠
𝑛  (14) 

Here, 𝑅𝑝 (mol m-2 s-1) is the rate of combustion per unit of the external surface area of the char 

particle, 𝑘𝑎𝑝 is the apparent kinetic coefficient of combustion, which can be expressed using 

the Arrhenius equation with 𝐸𝑎𝑝 and 𝐴𝑎𝑝 for the apparent activation energy and pre-

exponential factor, respectively. Then, 𝑐𝑂2,𝑠 is the concentration of oxygen at the external 

surface of the char particle.  

As char particles are highly porous, a more accurate approach for describing such a 

heterogeneous combustion reaction is to define the intrinsic kinetic coefficient, 𝑘𝑖: 

 𝑅𝑝 =
1

𝐴𝑝
 ∫ 𝑘𝑖𝑆eff𝑐𝑂2

𝑛
𝑉𝑝

0

d𝑉 =
1

𝐴𝑝
∫ 𝐴𝑖 exp (−

𝐸𝑖
𝑅𝑇𝑝
)𝑆eff𝑐𝑂2

𝑛
𝑉𝑝

0

d𝑉 (15) 

where 𝐴𝑝 is its total external surface area, 𝑉𝑝 is the volume of char particle, 𝑆eff is the effective 

surface area per volume of char particle, 𝐴𝑖 and 𝐸𝑖 are the Arrhenius parameters for 𝑘𝑖; 𝑇𝑝 is 

the particle temperature, and 𝑐𝑂2 is the local concentration of O2 within a differential volume, 

d𝑉.  

Sometimes Eqs. (14) and (15) include an 𝑓(𝑋) function, which describes how the reactivity of 

the fuel changes with conversion 𝑋. The meaning of this addition is to account for the structural 

changes in the char matrix, as the reaction progresses. The form of the 𝑓(𝑋) function usually 



depends on an assumed conversion model, and a summary of various rate expressions, which 

account for the structural contribution was presented by Di Blasi.12 Alternatively, 

experimentally determined 𝑓(𝑋) might be proposed, for example, directly accounting for the 

changes in the available surface area in the burning or gasifying particle.173,174  

As mentioned in the review by Haberle et al.,17 the kinetics of char combustion are among 

parameters that significantly add to the uncertainty in modeling of biomass combustion. The 

kinetics of oxidation of biomass char vary significantly among the published studies because 

(1) most of the existing research is focused primarily on the apparent kinetics, 𝑘𝑎𝑝𝑝, which 

vary between studies because of the differences in chemical and physical properties of chars 

(porosity, reactive surface area, CO/CO2 ratio during combustion); (2) only a limited number 

of papers report on kinetics, covering relatively wide, but often not overlapping, ranges of 

biomass types (from grape residues175 to woody biomass154,176); (3) different char preparation 

methods are used; and, hence, the resulting chars have different reactivities. 

Overcoming these listed issues in the research on combustion kinetics will be especially 

helpful in biomass studies, where a lot of uncertainty also comes from the heterogeneous 

nature of biomass fuels, their variation in seasons, geographical origin, etc. Another gap 

specific to biomass char is the lack of intrinsic kinetics, as presented in Eq. (15). In this case, 

the analysis would need to be clearly decoupled from the effects of variable char properties, 

such as the structure or the effect of catalytic alkaline metals, so that the results could be 

applicable to many types of biomass. If such intrinsic kinetics were known, only a minimum 

amount of information about the char would be required to model its combustion, for example, 

the BET surface area or some enhancement factor describing the catalytic influence from the 

ash. Intrinsic kinetics for biomass chars might be lacking because experiments with such 

reactive fuels become affected by mass transfer at lower temperatures than with less reactive 

fuels.   

For a variety of chars (mainly coal chars and graphites), Smith171 performed a meta-analysis 

of results gathered from other researchers, coming up with the order of reaction and a set of 

intrinsic kinetic parameters, giving the values of 𝑛, 𝐴𝑖 and 𝐸𝑖 to be 1, 470 𝑇𝑝 and 179.4 kJ mol-1, 

respectively. Because of the lack of similar studies gathering information on biomass chars, 

Kwong et al. successfully applied Smith’s intrinsic kinetics when analyzing the combustion of 

birch char in a fluidized bed, in the presence of active bed materials that release O2(g) in 

chemical looping oxygen uncoupling experiments.136 Applying the kinetics of coal char in 

modeling the combustion of biomass is debatable, as biomass chars are more reactive than 

high-rank coal chars; the difference in the combustion rates reaches up to 5 orders of 

magnitude.177 However, Al-Qayim et al.178 found that if biomass chars burn in Regime I (kinetic 

control), the resulting activation energy for intrinsic kinetics was close to the one given by 

Smith. When the rates of burning biomass chars were imposed on Smith’s meta-Arrhenius 

plot, they overlapped closely with the results for more active, low-rank coal chars. 

Most of the published work on biomass char combustion focuses on apparent kinetics, Eq. 

(14), usually accounting for structural changes with 𝑓(𝑋). Di Blasi12 reviewed the published 

studies up to 2009, summarizing that 𝐸𝑎𝑝 found in the literature ranges between 76 and 229 

kJ mol-1. This section gives an overview of recent investigations in apparent kinetics for 

biomass char combustion. 

Shen et al.176 studied the thermal degradation of four wood species in a thermogravimetric 

analyzer in a flow of air. The obtained mass loss profiles were divided into two regions, one 

corresponding to pyrolysis and another to combustion. By fitting the differential 



thermogravimetric results from the second stage, 𝐸𝑎𝑝 was found, ranging from 89 to 

220 kJ mol-1, depending on the heating rate and the type of biomass. The results for 𝐸𝑎𝑝 

overlap with the range given in Di Blasi’s review; however, the experimental sections analyzed 

by Shen et al.176 started at relatively low temperatures of ~ 400ºC, where the thermal 

degradation of lignin is still possible, as mentioned in Section 2.2. Hence, the resulting 𝐸𝑎𝑝 

most likely corresponded to two overlapping reactions, a situation that was observed in a 

similar study by Varhegyi et al.179  

Recari et al.180 studied the combustion of a spruce char, prepared at various pyrolysis 

temperatures (623 to 723 K) and pressures (0.1 to 2.0 MPa). Kinetic parameters were 

extracted at conditions indicating the kinetically controlled regime (< 723 K, 5 vol% O2) from 

recorded conversion profiles. Chars produced at higher temperatures combusted with lower 

rates than chars from low-temperature pyrolysis, resulting in higher values for 𝐸𝑎𝑝 (~97 kJ 

mol-1 for chars prepared at 723 K vs 65 kJ mol-1 for chars obtained at 623 K). The trend, in 

which char reactivities decrease with increasing pyrolysis temperature, was well described by 

Di Blasi,12 and recently revisited in a few other studies, including the work by Morin et al.181 

They found that as the devolatilization temperature increases, the ratios of H/C and O/C in a 

beech char decrease, probably due to the decomposition of aliphatic groups and a more 

pronounced tar polymerization, which produces a secondary char. The secondary char 

structures are less reactive, alter the primary char porosity, and, consequently, the overall 

reactivity of the final char.182  

Mian et al.181 and Morin et al.181 found that chars from biomass pellets have a lower 𝐸𝑎𝑝 than 

chars from raw biomass. Mian et al.183 proposed that the compact structure of pellets helps 

suppress deoxygenation of biomass and prevents polymerization of tars, resulting in chars 

that have high reactivity. Additionally, pelleted chars had a higher ash content, which also 

affects their reactivity.181 Peterson and Brown154 analyzed kinetics for chars originated from 

various biomass species and found that the value of 𝑘𝑎𝑝 strongly correlated with the total 

content of metals and the potassium content in ash. The apparent activation energy, 𝐸𝑎𝑝 

ranged from 94 to 129 kJ mol-1, and the lower values corresponded to the higher potassium 

content, indicating its catalytic influence.        

To conclude, the reactivity of chars is important for correctly describing the combustion of 

biomass. Very little information is available to discuss the intrinsic kinetics of combustion of 

biomass chars. Most of the published work focuses on apparent reaction rates and factors 

influencing char reactivity. However, as discussed by Vallejos-Burgos et al.,184 no single one 

of the relevant parameters, including the char surface area, H/C ratio, ash content, etc., can 

be expected to be a ‘very good index’ of char reactivity if analyzed in isolation.  

3. Influence of fluidized bed on combustion 

Combustion in fluidized beds differs from other technologies, mainly because of the constant 

movement of the fluidizing material, which supports good mixing of the solids and, thus, the 

heat distribution in the bed, but not the mixing of gases; hence, the combustion of chars and 

volatiles are decoupled. Additionally, fuel properties change with time and the history of 

thermal treatment. In an ideal system, the biomass particles mix well in the bed, but because 

of the relatively low density of the fuel compared to the common bed materials, solid 

segregation is a common issue. Finally, ash can react with the bed material leading to 

operational problems, for example, bed defluidization and elutriation.  



 Heat transfer 

Heat transfer in fluidized bed reactors affects how the particle of fuel heats up, dries and 

devolatilizes. During combustion, the extraction of heat from a combusting particle also 

influences the observed rate; in Regime I, the temperature of the particle strongly influences 

the combustion kinetics, while in Regimes II and III, the rate is affected by the temperature 

mainly through the coupling of heat and mass transfer in the particle matrix. Thus, correct 

information about heat transfer to and from a reactive fuel particle is essential for the design 

of combustors and the prediction of fuel behavior in fluidized bed reactors.  

The effective heat transfer coefficient, ℎeff, for describing heat transfer to and from a freely 

moving fuel particle in a fluidized bed offers a convenient way to account for different 

mechanisms of heat transfer simultaneously. In fluidized beds, ℎeff includes (1) gas 

convection/conduction in the particulate phase, ℎ𝑔𝑐, (2) particle convection/conduction in the 

particulate phase, ℎ𝑝𝑐, (3) convection with the gas phase flowing as bubbles, ℎ𝑏, (4) radiation, 

ℎ𝑟.
185,186 Further overview was given by Natale et al.186 and Abdelmotalib et al.187 

The effective heat transfer coefficient changes with the operating conditions in the bed, 

following the input from all involved mechanisms. It also depends on the relative size of the 

fuel particle, 𝑑𝑓, to the size of the bed particle, 𝑑𝑝, as shown in Fig. 7.188,189  If 𝑑𝑓/𝑑𝑝 ≥ 3, which 

is expected in biomass combustion, ℎeff is small in the packed bed region (𝑈 < 𝑈𝑚𝑓) but 

increases sharply (a discontinuity) when 𝑈 ≥ 𝑈𝑚𝑓, affected by the onset of particle convection, 

where heat is transferred by frequently replaced bed particles in contact with the fuel particle. 

The heat transfer coefficient increases with the gas velocity as fluidization becomes more 

vigorous. It reaches a maximum and drops because, with a further increase in the gas velocity, 

the fuel particle starts to be covered by gas bubbles, which are less effective in heat distribution 

than the bed particles.  

In bubbling fluidized beds, the heat transfer coefficient of convection/conduction with the gas 

phase flowing as bubbles, ℎ𝑏, is often neglected because its contribution is small.190 The input 

from gas-convection and particle-convection in the particulate phase (ℎ𝑔𝑐 and ℎ𝑝𝑐) can be 

Figure 7: Heat transfer coefficient in fluidized beds in relation to the superficial gas 

velocity.189,190 



determined separately or as a lumped coefficient.185 The gas convective component was given 

by Agarwal as:190 

 ℎ𝑔𝑐 =
𝜅𝑔

𝑑𝑓
{2
𝜅eff,𝑝

𝜅𝑔
+ 0.693([1 + 𝑅𝑒𝑝𝑃𝑟 ]

1 3⁄
− 1) (

𝐶𝑑𝜀𝑅𝑒𝑝

8
)
1 3⁄

(
𝑞

𝜀𝑚𝑓
)

2 3⁄

} (16) 

where 𝜅𝑔 is the thermal conductivity of the gas, 𝜅eff,𝑝 is the effective thermal conductivity of 

the particulate phase, 𝐶𝑑𝜀 is the porosity dependent drag coefficient for the heat transfer 

surface, 𝑞 is the tortuosity for the flow of gas through the emulsion phase of porosity 𝜀𝑚𝑓. 

Similarly to the convective heat transfer with bubbles, the gas-convective contribution in the 

emulsion phase, ℎ𝑔𝑐, is often small, becoming insignificant for systems with fine bed 

material.186,190 

The particle-convective heat transfer coefficient, ℎ𝑝𝑐, can be determined using the surface-

renewal theory:185,190,191      

 
1

ℎ𝑝𝑐
=
𝑑𝑝
𝜙𝜅𝑔

+ 0.5√
𝜋𝜏𝑐

𝜅eff,𝑝𝜌𝑝𝐶𝑝
 (17) 

where 𝑑𝑝/𝜙 represents the thickness of the gas film, 𝜏𝑐 is the contact time between the 

fluidized particles and the fuel particle, 𝜌𝑝 is the density of the particulate phase, and 𝐶𝑝 is the 

specific heat capacity of particles of the bed material. The first term in Eq. (17) represents 

resistance to conduction between the fuel particle and the bed particles in the gas film. The 

second term represents resistance across the emulsion phase.185  

For typical fluidization conditions, Agrawal,190 and Parmar and Hayhurst185 predicted the 

values of ℎeff using Eqs. (16) and (17). Parmar and Hayhurst185 validated the model with 

experiments of heating spheres of phosphor bronze. The use of inert spheres is beneficial 

because it eliminates any additional assumptions needed when discussing reactive particles. 

For example, when heat transfer is deduced from temperature measurements of a combusting 

char particle, a common experimental approach,158,192,193 the analysis of the heat transfer 

coefficient directly relies on the assumptions about mass transfer and the CO/CO2 ratio in the 

system.190 On the other hand, inert particles lack the ability to mimic the effect of gas ejection 

from a reactive particle when the jet of gas prevents the fuel particle from direct contact with 

the fluidized bed. Hence, for biomass combustion, there is also a need to describe how the 

heat transfer changes during devolatilization, when the particle ejects a significant amount of 

gas and segregates from the bed material, e.g. floating at the surface of the bed (see Section 

3.4). 

The described surface renewal model (Eq. 17) is valid when the time needed for the fuel 

particle to reach a uniform temperature is longer than the time constant for the “renewal” of 

the bed particles; hence, it applies only if the thermal boundary thickness, 𝛿𝑡 is small.194 

Additionally, the particulate phase is treated as a continuum which will be invalid if the time 

constant to heat/cool the bed particle is longer than the contact time with the fuel particle. The 

surface renewal model was recently revisited by Chao et al., who proposed describing the 

thermal resistance from the particulate phase as the sum of thermal resistances (i) of surface 

contact and (ii) through penetration into the emulsion phase.195 Other heat transfer models, 

based on different methods,13,196 exists, but some do not consider the influence of operating 

parameters such as fluidization velocity.158 Von Berg et al. implemented different heat transfer 

models into an existing single-particle model developed by Anca-Couce et al.197 They found 

that predictions from the model, which considers fluidization velocity, gave results in 



agreement with experiments; however, some deviation was still observed when the fluidization 

velocity was close to the 𝑈𝑚𝑓.
196 

During combustion, the size of the fuel particle decreases, decreasing the 𝑑𝑓/𝑑𝑝 ratio. When 

the ratio falls <3, for example, when the fuel particle fragments into smaller pieces, the heat 

transfer coefficient becomes independent of the gas velocity at 𝑈 > 𝑈𝑚𝑓, as shown in Fig. 7. 

Because of a smaller external surface, the number of bed particles in contact with a small fuel 

particle is smaller than for a larger fuel particle, resulting in a diminishing heat transfer from 

the particle convection and more pronounced gas convective transfer from the gas flow in the 

emulsion phase. The behavior for ℎeff for small 𝑑𝑓/𝑑𝑝 ratios was confirmed experimentally,198 

giving an expression for the Nusselt number in the fluidized bed, 𝑁𝑢, defined with the thermal 

conductivity of the gas, 𝜅𝑔,  

 𝑁𝑢 =
ℎ𝑑𝑓

𝜅𝑔
= 2 + 0.90 𝑅𝑒𝑚𝑓

0.62(𝑑𝑓 𝑑𝑝⁄ )
0.2

 (18) 

where 𝑅𝑒𝑚𝑓 is the Reynolds number at the onset of fluidization.  

Further discussion on heat transfer to active particles in fluidized beds can be found in a few 

recent studies and previous reviews.13,15,196,199 For example, a comparison of published 

correlations for heat and mass transfer was recently given by Leckner,199 with a discussion 

separately covering particles of small and large 𝑑𝑓/𝑑𝑝 ratios.  

As mentioned earlier, heat transfer in fluidized beds is fast, which helps redistribute heat from 

a reactive particle. Hence, the values for ℎeff are typically large185,  ~300 ± 40 W m-2 K-1, but 

reduce to ~220 ± 40 W m-2 K-1 when the active particle releases gas (as analyzed with 4.6 mm 

diameter spheres of graphite and dry ice at 𝑈/𝑈𝑚𝑓  of ~ 1.5194). Garcia-Gutierrez et al. found 

that while the model proposed by Chao et al.195 can predict the heat transfer coefficient of a 

subliming particle (of dry ice) at moderate and high fluidization velocities, it overestimates the 

heat transfer coefficient at low 𝑈/𝑈𝑚𝑓 because the buoyancy effects are significant and the 

active particle can exhibit a flotsam behaviour.200 Further information about the changes in 

heat transfer coefficient during the full history of biomass thermal treatment would be 

beneficial, allowing to extract the influence of the gas release during drying and 

devolatilization; however, experimental complications arise as decomposition of biomass 

affects its shape, density, thermal conductivity, etc. 

 Mass transfer 

Mass transfer during combustion usually boils down to the delivery of oxygen from the bulk to 

the combusting particle, and the removal of the combustion products away from the particle 

surface. In contrast, in fluidized beds, the mass transfer supporting combustion involves at 

least two processes, each described with a separate mass transfer coefficient. The first one 

is the inter-phase transfer (i.e. between phases or regions) in a fluidized bed, for example, 

between the bubble and emulsion phase; described with an associated inter-phase mass 

transfer coefficient, 𝐾 (or specifically 𝐾𝑏𝑒 , for the given example). The second mechanism 

describes the mass transfer between the combusting particle and the oxidizing gas, described 

with the particle-gas transfer coefficient, 𝑘𝑔. As mentioned by Di Natale et al.,186 the analogy 

between heat and mass transfer does not hold in fluidized beds; hence, the form of 

correlations for the Sherwood number and the Nusselt number usually vary. A number of 

previous studies and reviews provide expressions for Sh in a fluidized bed, including Prins et 

al.,201 Agarwal et al.,202 and, more recently, an extensive review by Di Natale et al.186 



Experimental investigations on the particle-gas coefficient, 𝑘𝑔, usually involve a chemical 

reaction, which, naturally, is constraint by stoichiometry. If the process is controlled by mass 

transfer, then, at a steady-state, the constraint dictates the relationship between mass fluxes. 

Hence, the effect of the chemical reaction on the resulting magnitude of 𝑘𝑔 should be 

evaluated. This is especially important for non-diluted cases and situations involving non-

equimolar counter diffusion (non-EMCD), as encountered during char combustion to CO, in 

reaction [R1]. Appropriate correction factors are available for combustion in air, often 

accompanied by a sensitivity analysis for their applicability (e.g. Hayhurst,203 Fortsch et al.,204 

Scala205). Based on the analytically-derived correction factor from Scala205, the EMCD mass 

transfer coefficient in air combustion of chars can lead to errors up to 10%. It is also worth 

mentioning that the investigations on the correction factors usually ignored the possibility of 

homogenous reaction of CO and O2 in the boundary layer, assuming the reaction was 

negligible or, the opposite, rapid (e.g. the ‘two-film’ model from Hayhurst203).           

As mentioned by Di Natale et al.,186 recently, only few investigations looked into interphase 

mass transfer. Thus, the usually encountered expression for 𝐾𝑏𝑒 remains the one proposed 

by Sit and Grace,206 expressed per unit volume of bubble as:207 

  𝐾𝑏𝑒 =
1.5𝑈𝑚𝑓

𝑑𝑏
+ 12 (

𝒟𝐺𝜀𝑚𝑓𝑈𝑏

𝜋𝑑𝑏
3 )

0.5

 (19) 

where 𝑑𝑏 is the diameter of the bubble, 𝒟𝐺 is the diffusivity of gas, and 𝑈𝑏 is the velocity of the 

bubble. The first term in Eq. (19) represents the convective throughflow of gas through the 

bubble and the second term describes the diffusion between phases derived from the 

penetration theory. Interestingly, the coefficient in the convective term is sometimes reported 

to be 2 rather than 1.5 (e.g. in Scala205), probably because of the difference between the 

throughflow velocity and the minimum fluidizing velocity.208  

Other correlations for 𝐾𝑏𝑒 were summarized by Medrano et al.,209 who also measured 𝐾𝑏𝑒 at 

room temperature using a non-invasive IR technique. They found that predictions using the 

correlation by Davidson and Harrison210 agreed with the experimental results well, apart from 

the case when the bed particles were large. Similarly, Wu et al. reported good agreement 

between the correlation of Sit and Grace and results from high-temperature experiments of 

combusting bubbles of methane.211 In another study, a CFD - DEM approach was used to 

investigate 𝐾𝑏𝑒 between a hot and non-isothermal bubble and a bed at room temperature. 

While the mass transfer mechanism seems to be similar to the isothermal condition, higher 

temperatures of bubbles reduces 𝐾𝑏𝑒, and mainly its convective component.212   

 Transient change of fuel properties 

The effect of the thermally induced processes depends on the applied conditions, such as the 

heating rate, pressure, final temperatures, and specifically for fluidized beds, the fluidization 

regime, the size of bubbles, etc. The progress of all the expected phenomena also depends 

on the type of biomass, its structure, physicochemical properties, or pre-treatment.  

While the influence of the process conditions has been extensively investigated, the effect of 

the fuel itself is more elusive because of the anisotropic nature of biomass. However, changes 

in the biomass particle undergoing thermal treatment are significant, including the variation in 

its shape and changes in the physicochemical and mechanical properties. For example, during 

pyrolysis 𝜌𝑠, 𝐶𝑝 and 𝑘𝑠 denoting the material’s density, heat capacity and thermal conductivity 

change with time and position in the particle. When comparing the thermal diffusivity, 𝛼 =

𝜅/𝜌𝐶𝑝), between wood and its chars, the difference ranges an order of magnitude; as shown 



by Redko et al., 𝛼𝑐ℎ𝑎𝑟/𝛼𝑤𝑜𝑜𝑑 = 15 for spruce and its char prepared at 600°C in a fluidized 

bed213. This change in the physical parameters depends on the thermal treatment and can be 

expressed using empirical correlations, which vary with experimental conditions and the type 

of biomass.17 The variability of lignocellulosic fuels, their physical and mechanical properties, 

and correlations and interactions between those properties were recently summarized by Yan 

et al.214 The review describes established and new methodologies for characterizing 

lignocellulosic feedstocks for their rheological properties, grindability, chemical composition, 

functional groups analysis, or surface properties (e.g., texture and free energy). Haberle et 

al.17 provided an extensive overview of key physical parameters, which are often not measured 

explicitly but rather correlated or extrapolated, such as specific heat capacity, shape, heat 

conductivity, or shrinkage.  

While research on biomass combustion often requires some idealization, sensitivity 

investigations into the influence of biomass anisotropy and changes in the physicochemical 

parameters are scarce. Recently, Gentile et al. developed a general computational framework 

to investigate pyrolysis of 3D, fully resolved particles of biomass, accounting for the starting 

anisotropy and thermally-induced, non-uniform changes in the shape and properties.215 With 

examples for three particle geometries and varied boundary conditions, the authors 

demonstrated deformations in the shape and the movement of pyrolysis fronts. The 

simulations results agreed with available experimental information, although the latter was 

limited, similarly to the thermal and physical input parameters that would be needed in the 

model.  

Non-uniform efflux of volatiles during pyrolysis creates a structurally non-uniform char; hence, 

a classification of biochar structures was recently proposed by Lester et al.216 Anisotropy of 

chars affects their reactivity in gasification217 and combustion218; however, it is rarely included 

in combustion models. Instead, the expression of combustion rates often contains a fitted 

parameter or a conversion model, which aims to describe pore and surface evolution (see 

Section 2.4). Dongyu and Singer demonstrated that pore-resolved information is required to 

correctly model combustion limited by intraparticle mass transfer. They proposed to improve 

reactor-scale models by including distributions of particles, their morphologies, and a 

corresponding distribution of effectiveness factor models.219 Supporting their conclusions, 

recent results with in-situ and ex-situ tomography of pyrolyzed particles demonstrated that the 

pore distribution throughout char particles is non-uniform and significantly differs for chars 

made from various types of biomass and at different temperatures.220  

When a biomass particle undergoes thermal treatment, it shape changes significantly; for 

example, for birch wood particles, it is associated with 45-70% volume shrinkage.221 In the 

simplest approach, the change in the particle volume is linked to the mass loss by linearly 

reducing the main dimensions of the particle. However, experimental results show that, the 

shrinkage is not clearly pronounced at high heating rates until ~20% of the mass is lost.221 

Additionally, some investigations report thermally-induced swelling of biomass particles, but 

the effect diminishes at high heating rates.222,223  

Shrinkage of biomass is still not well understood, and a priori predictions, without any 

experimental evidence, might be incorrect. For example, despite similar nature and 

composition, almond shell particles shrink much more than walnut shell particles, the former 

simultaneously losing mass and volume, the latter losing mass but gaining in porosity.220 

Hence, some studies provide fitted empirical correlations.224 More advanced models link 

shrinkage with compressive and tensile stresses the biomass particles experiences during 

pyrolysis.225 The computational framework of Gentile et al. enables modeling of localized, non-



uniform shrinkage without fitted coefficients but, instead, applying dynamic meshing of a 

reacting 3-D particle. Despite the recent progress, shrinking remains among the fundamental 

challenges of biomass-focused research.226 

 Segregation and mixing 

Mixing of solids in fluidized combustors affects the performance and efficiency of the 

combustion system. Uniform distribution of fuel particles over the cross-section of the bed 

(horizontal mixing) and throughout the height of the bed (vertical mixing) promotes a uniform 

fuel conversion, oxygen distribution, and heat and gas release from the fuel.227  

If a fuel particle floats at the bed surface, it will experience different rates of heat and mass 

transfer than a particle immersed in the bed. For example, Qin et al. showed that the Sherwood 

number of floating particles is 35% lower than the Sherwood number of immersed particles.228 

The results were obtained in a cold model; hence, a follow-up investigation, validating the 

effect on biomass combustion, would be useful, especially when considering that the surface 

of the bed might be exposed to more significant radiation from flames created in gaseous 

combustion in the splash zone. The effectiveness of horizontal and vertical mixing of biomass 

particles depends on various factors, such as the density of the fuel, gas velocity (𝑈/𝑈𝑚𝑓), 

bubble fraction, gas release by the fuel particles, etc. Hence, investigations into solid mixing 

usually involve some simplifications (such as cold models), followed by probability analysis of 

the special distribution of biomass particles.229 Out of the listed factors, the influence of the jet 

forces, which are created when volatiles escape the solid particle, are rarely discussed. 

However, in the effect of those jetting forces, the biomass particles rise to the surface of the 

bed, and often remain there.230 The floating particles will also experience slower lateral mixing 

than the particles submerged in the emulsion phase.231  

Experimental techniques applied to study the effectiveness of solid mixing usually involve 

various imaging methods, e.g., X-ray,232 magnetic particle tracking,229,231,233 camera 

probe,234,235 thermographic camera.236 In lateral mixing, an increase in the particle size, 

decrease in the fluidizing velocity and decrease in the pressure drop over the air distributor 

reduces the extent of the mixing.236 For axial mixing, the situation depends primarily on the 

biomass density and the fluidizing velocity. Thus, three fuel segregation regimes can be 

identified, transitioning with the increase in the gas velocity from a flotsam regime, through a 

transition regime, to a developed regime.229 The positive effect of the gas velocity comes from 

the exogenous bubbles of air, which grow larger and rise faster through the bed, carrying more 

solid material in their wake, and that induces vigorous axial mixing and reduces the tendency 

of the biomass particle to segregate to the bed surface. The transition velocities between the 

axial mixing regimes depend on the bed height and the density of the biomass particle.230,237 

Kohler et al. modelled the axial mixing of a biomass particle in a fluidized bed during drying, 

devolatilization and combustion, considering the change in the size and density of the fuel 

particle.230 While the model provides essential insight about the location of biomass particle 

throughout combustion, the discussion about the influence of the jetting devolatilization of the 

fuel particle is missing. The probability of segregation of gas-emitting particles is different than 

from inert particles of the same density;235 and, according to Solimene et al., the mixing models 

developed for non-emitting particles might be inadequate.238  

Fiorentino et al. reported that emissions of volatiles from biomass fuels lead to the formation 

of endogenous bubbles, which surround the fuel particle and lift it when travelling towards the 

bed surface. This segregation phenomenon involves two mechanisms. Either the bubble of 

volatiles alone lifts the gas-emitting fuel particle, in so-called single bubble segregation (SBS), 



or the fuel particle moves upwards in a stepwise manner, resulting from a cooperative action 

of multiple bubbles, in multiple bubble segregation (MBS).122,239 Whether the segregation 

progresses depends on the force balance on fuel particle, including its weight, buoyancy force, 

drag from the fluidizing gas in the particulate phase, and lift from the bubble of volatiles.238 The 

magnitude of the lift force was found to depend on the rate of gas emission and the fuel particle 

size, i.e., for fuel particles coarser than the bed solids, the significance of the lift force is larger 

than for smaller fuel particles.238  

The problem of biomass segregation in fluidized systems has been studied extensively and 

reviewed earlier.13,15,123 However, some significant gaps in the knowledge remain. Future 

studies, including advanced modeling with a detailed description of solid movements (e.g. 

DEM modeling, Section 4.1), may shed more light on the specific issue of the gas-emitting 

particle. Further experimental work validating models at operating reactor temperatures will 

also be essential. As discussed in Section 2.2, to overcome the problem with biomass 

segregation, novel concepts to trap the fuel particles in the particulate phase have been 

proposed.130,131 

 Bed agglomeration and attrition 

Although biomass usually has a low ash content, some types of biomass contain significant 

amounts of sodium, potassium or phosphorous, which makes their combustion in fluidized 

beds challenging.16 Frequently, biomass combustion results in a deposition of the ash onto 

the particles of the bed material. This new, ash-originated layer (so called “particle layer” 240) 

often leads to operational problems, causing the particles of the bed material to adhere and 

agglomerate into large chunks, or, the opposite, causing particles to fragment into smaller 

pieces, which can be easily elutriated out of the reactor. Recent reviews on the interaction 

between biomass ashes and common bed materials thoroughly summarize the current state 

of the knowledge, discussing the mechanisms of the observed phenomena and methods of 

their detection.16,240,241  

Locally, bed agglomeration leads to the formation of hotspots, and, with time, to defluidization 

of the whole bed. The mechanisms of agglomeration and the formation of particle layer depend 

on various factors, e.g., the chemical composition of the bed material, the chemical nature of 

the biomass ash, the operating temperature. Thus, the effect and scale of possible interaction 

between the ash and bed particles is difficult to predict.240,241  

The particle layer leads to agglomeration through one of the two main routes: coating-induced 

(most often associated with K and Ca) or melting-induced (usually involving P).  

Coating-induced agglomeration is caused by the formation of a sticky, viscous layer of alkali 

salts, created in the reaction between the ash components and the bed material. The 

mechanism was first noticed in experiments with silica sands, where the sticky coatings were 

made of low-melting, alkali-rich silicates. Melting-induced agglomeration does not involve the 

bed material, so, instead, the sticky layer arises as a product of interaction between different 

ash components. For combustion of woody biomass (rich in K and Ca), the coating-induced 

agglomeration often starts with a creation of a particle layer made of potassium silicate, which 

is later penetrated by calcium, lowering the melting point of the layer and also increasing its 

thickness.242 Because Ca diffuses towards the melt- particle interface, its accumulation 

induces microstructural stress, which after prolonged time results in the formation of cracks, 

both within the bed particle and the particle layer.243 Cracks create new points of access for 

the ash elements, now able to attack the internal structure of the bed particle. When the cracks 



propagate, the probability of the destruction of the affected particle increases; hence, 

agglomeration can be accompanied by particle fragmentation,240 as shown in Fig. 8.  

The mechanism of agglomeration is more complicated when the bed material is active, i.e. 

participates in the combustion. This is a characteristic feature of a family of chemical looping 

(CL) technologies, including the highly promising application of CL for bioenergy and carbon 

capture (BECCS). Imtiaz et al. looked into CuO-based bed materials,244 which at high 

temperatures can reversibly release O2(g), supporting combustion. Although their study did not 

focus on the interaction with biomass ash, the results demonstrate possible problems of 

material sintering and agglomeration. The authors found that under redox conditions, Cu 

diffuses through some supporting materials (e.g. ZrO2), which leads to agglomeration, but not 

through others (MgO), which prevent agglomeration. Since agglomeration in CL reactors 

arises from the redox cycles and chemical activity of the bed material, dedicated studies on 

CL with biomass are clearly needed. Corcoran et al. investigated the fate of biomass ash in 

“oxygen carrier aided combustion”, where the bed material is active, but the main source of 

oxygen is still the air used for fluidization. They noted that ilmenite interacts with potassium 

and calcium from biomass ash, with both species diffusing with time towards the core of the 

main particle.245 The spread in the size distribution and the average size of the bed particles 

increased throughout 364 h of biomass burning but with no operational problems caused by 

agglomeration or defluidization of the bed.   

The ash-induced problems have a significant impact on the operation of fluidized beds; hence, 

even qualitative predictions are essential. The proposed modeling approaches are usually 

based on equilibrium phase calculations, for predicting what thermodynamically stable phases 

can form from reactions between the ash and bed material.246 The thermodynamic calculations 

can be further expanded by adding a diffusion model242, or even modeling the particle coating 

using discrete element models.247 Alternatively, predictions can be based on empirical 

correlations.248 Models that account for the fragmentation of bed particles are lacking. 

Possible remedies for preventing ash-induced agglomeration were reviewed by Khan et al.11, 

Morris et al.249, Bartels et al.250 and include: introduction of anti-agglomeration additives (such 

as clays, carbonates, hydroxides), multi-fuel co-combustion (e.g. sewage sludge helps 

mitigate the agglomeration behavior of wheat straw251), alternative bed materials (dolomite, 

magnesite, ferric oxide, alumina250). Another approach could be to remove the problematic 

ash components prior to combustion. Vassilev and Vassileva reviewed the effectiveness of 

water leaching, which, as a pre-treatment method, removes the water-soluble fraction of 

Figure 8: Mechanism of coating-induced agglomeration and fragmentation of bed 

particles.  



biomass ash.252 This fraction can represent from ~ 4 to 61 wt% of the total mass of ash (usually 

~ 21-27 wt%), removing a significant fraction of components responsible for corrosion and 

agglomeration (Cl, S, K, Na, P).252  

4. New research frontiers 

 Progress in reactor-scale modeling  

A single particle model for drying, pyrolysis and combustion can be readily extended into a 

simple reactor scale model by accounting for processes external to the particle, such as heat 

transfer, hydrodynamics in a fluidized bed, or tar cracking.110,253 The reactor-scale models can 

be classified by their dimensionality, from zero to three dimensions. A comprehensive review 

of the common models was given by Gomez-Barea and Leckner.13 The 0D-types of models, 

also called the black-box models, simulate the heat and mass balance over the whole system 

without considering the processes within the reactor. Empirical correlations (e.g. a simple 

kinetic model) can be included into the overall heat and mass balances to predict the 

performance of combustion. Because of simplicity, zero-dimensional models have been often 

used in techno-economic analyses for estimations of the reactor’s performance, comparisons 

of different technologies or operating conditions.254,255 However, the empirical correlations 

developed from operations of a particular reactor might result in a poor predictability in others 

conditions and configurations.13  

Another popular modeling approach, described in every textbook on fluidization, is the one-

dimensional phenomenological model. Here, the hydrodynamic effects in the reactor are 

considered by introducing two (sometimes three) phases or regions, i.e. the bubble phase and 

the emulsion phase. A number of comprehensive reviews describe the assumptions and 

fundamentals of this model and further its applicability to combustion, e.g. Yates,207 Kunii and 

Levenspiel256. The 1-D models most commonly applied in combustion research is the two-

phase model developed by Davison and Harrison (D-H model)210 and a three-phase model by 

Kunii and Levenspiel (K-L model)257,258. For instance, the D-H model has been used to derive 

an analytical expression of the burnout time of char particles in a fluidized bed.144,259 The K-L 

model differs from the D-H model by considering a wake phase and its interaction with gas in 

bubbles and solids from the emulsion phase.256 For combustion research, those 1D modeling 

approaches provide a good compromise between the accuracy and numerical complications; 

they are sufficient in describing the main characteristics of fluidization while avoiding the 

details of complex gas-solid dynamics. Besides the operational predictions, 1D models have 

been recently used in techno-economics assessments of biomass combustion in fluidized 

beds, e.g. in BECCS systems.260,261  

More complex phenomenological models of fluidized reactors can also be constructed. For 

example, Di Blasi et al. constructed a 2D reactor model by including unsteady heat and mass 

transfer for the solid and gas phase, and a simplified momentum transfer described by Darcy’s 

law. Despite considering only a single continuous phase, the simulated conversion of biomass 

agreed with the results of the experiment conducted at a pilot scale.262  

More advanced reactor scale-models propose detailed descriptions of solids and gas flows, 

as both phases are constantly moving in fluidized bed configurations. There are two 

dominating approaches, one using a multiphase model, often realized within Computational 

Fluid Dynamics (CFD), the other using combined discrete element models (DEM) for the 

movement of solids and CFD for the gas. An overview of modeling strategies for gas-solid 

fluidized beds was summarized by van der Hoef et al.263 



In the Eulerian–Lagrangian models, the solid particles are traced, and particle movements and 

collisions are modelled using Newtonian laws of motion; separately, the gas phase is solved 

as a continuous medium, following the Eulerian approach. Hence, in the CFD-DEM models, 

the expected overall accuracy is higher than in the Eulerian-Eulerian models because the 

mechanics of the particle movement is correct. However, the interaction between the solids 

and the gas in the momentum balance is still based on empirical correlations. Linking of the 

two phases is usually done through the drag force, appearing in the particle Newtonian 

momentum balance, and, with the opposite sign, in the fluid’s Navier-Stokes momentum 

balance. As each solid particle is tracked in the Lagrangian approach, a more detailed 

information about the particle behavior and transformations can be incorporated in the model, 

e.g. particle shrinkage and breakage.  

On the downside, tracking of a large number of particles requires significant computational 

efforts, for example, a simulation of 10 s of physical time of a system containing 0.8 million 

particles took 87 days with a 192-core 2.3 GHz computational machine.264 To reduce the 

computational power, some simplifications have been proposed. For example, Papadikis et 

al.265,266 modelled sand particles as a pseudo-fluid with the Eulerian approach, but tracked all 

biomass particles with the Lagrangian approach. Alternatively, the number of tracked particles 

can be reduced by replacing them with parcels of particles but keeping the overall mass 

unchanged.267 To preserve the physical nature of the system with parcels, some key 

parameters, such as gas viscosity or coefficients in the particle contact forces, need to be 

scaled proportionally to the scaling factor applied when replacing the solid particles.268 

Recently, a char combustion model in a CFD-DEM setup was presented and the results 

agreed with the experimental findings.269 Altogether, the detailed modeling of the movement 

of solid particles that can participate in reactions (biomass particle, char) is a promising and 

quickly developing field of research. Moreover, single-particle models, described in Section 2, 

can be readily applied in more advanced models, such as CFD-DEM; for example, a model of 

a shrinking combusting particle and a model of a thermally thick particle were successfully 

implemented when modeling combustion of a single particle of fuel using the Eulerian-

Lagrangian approach.270,271   

The insight gained from the recently published studies confirms that DEM and multiphase 

simulations can reveal interesting new information about processes in fluidized beds. For 

example, the movement of bubbles can cause non-uniform distribution of the char particles in 

the horizontal direction while promoting axial mixing. This uneven char distribution affects the 

gas profiles, e.g. the concentration of O2 is lower near the wall where more char particles can 

be found. For larger particles or fuels of higher density, the horizontal distribution is more 

uniform than for small or lighter fuel particles, resulting in a more uniform gas profile. However, 

the explanation for the observed temperature profile is more complex because it involves heat 

release both from the char and CO combustion. With well-distributed (e.g. smaller) char 

particles, combustion of char close to the wall dominates the heat release in the bed. If the 

distribution of char particles is not uniform (e.g. large particles), the importance of CO 

combustion, primarily in bubbles, increases, resulting in a more uniform temperature profile.272 

     In addition to the use of CFD-DEM for modelling chemical reactions such as 

combustion269,272,273 and gasification274, CFD-DEM has been used to study fundamental 

mechanisms of heat and mass transfer in fluidized beds. Patil et al. incorporated various 

mechanisms of heat transfer such as gas-particle, particle-particle, gas-wall, particle-wall into 

a CFD-DEM simulation, and compared the results with a combined infrared-particle image 

velocimetry-digital image analysis.275 They found that an unaccounted form of heat transfer, 



namely heat transfer across less mobile, dense-phase regions near the wall, caused a 

deviation between the simulations and experimental results. However, modelling of heat 

transfer in this region was found challenging because the thermal boundary layer affecting 

heat transfer near the walls is typically smaller than the grid size in CFD simulations.276 

Modelling of bed-to-wall heat transfer in CFD-DEM can be realized by following a thermal 

boundary condition approach or a particle-wall conduction model; both were reviewed and 

studied by Liu et al., who recommend the lumped particle-wall conduction model due to its 

robustness.276 

 Spectroscopic and tomographic studies 

With the progress in experimental techniques, new studies offer further insight into thermal 

processing of biomass, providing fundamental information about factors affecting the quality 

and reactivity of biochars,181 the level of carbonization,135 catalytic effect of metals in ash,277 

and more. This section describes advances in researching combustion achieved using Raman 

spectroscopy, X-ray micro-tomography, and X-ray photoelectron spectroscopy. Other, more 

advanced and possibly less available spectroscopic techniques and their applications in 

combustion have been recently described by Fatehi et al.61 

Among the available relatively new techniques, Raman spectroscopy has been successfully 

implemented in in situ and ex situ studies, offering a non-destructive way of characterizing all 

pyrolysis and combustion products (gas, oils, chars). Recent reviews give an overview of the 

fundamentals of the technique, characteristic results for cellulose and lignocellulose 

materials,278 and notes on its application in thermal processing of solid fuels.279 When 

researching chars, Raman spectroscopy can be afflicted by problems with fluorescence and 

because the interpretation of results is based on advanced peak deconvolution, the informed 

analysis needs experience.280  

Recently, Raman micro-spectroscopy was used to investigate the content of lignin in woody 

biomass, demonstrating an attractive and simple method of quantifying lignin that does not 

require time-consuming pre-treatment of biomass samples.281 Raman spectroscopy can 

inform about the degree of structural order in carbonaceous materials.282 The change in the 

char structure (level of carbonization, graphitization283) was correlated with reactivity for 

cellulose chars, prepared at various temperatures.284 The analysis of the char surface was 

further demonstrated to correlate well with an (O+H)/C ratio, informing about the level of 

heteroatoms in the structure, thus, also about the expected reactivity of the fuel.285 Most of the 

described investigations were conducted ex situ, i.e. after quenching the char sample to room 

temperature. Recently, in operando Raman spectroscopy was used to characterize the 

evolution of the coal structure during pyrolysis and gasification.286,287 It has been found that 

the presence of mineral matter promotes the formation of chars with a more disordered 

structure.287 It can be expected that in situ work dedicated to biomass chars will follow shortly. 

In another approach, X-ray micro-tomography (micro-CT) has been used to image the 

variation in biomass structure and particle shape during pyrolysis at varied temperatures. First, 

ex situ experiments demonstrated the development of microporosity, highlighting the 

capability of 3D reconstruction of the pore network.288 The information obtained from the micro-

CT scans was then used in pore-resolving simulations to study the effect of the char 

morphology on gasification and combustion.219,289 The results, although for coal chars, 

highlighted the impact of structural anisotropy, indicating that global effectiveness factors fail 

to describe the effect of intraparticle mass transfer in chars with complex network morphology. 

In situ micro-CT revealed time-resolved information about the evolution in shape and porosity 



during the pyrolysis of shell-types of biomass, showing that two similar materials can behave 

markedly differently during the same thermal treatment.220 In a most recent study, through the 

combination with X-ray absorption and fluorescence, in situ micro-CT was used to track the 

fronts of pyrolysis and combustion during smoldering of cuboids of oak.290 The progress of 

pyrolysis was clearly influenced by the grain structure of the wood, resulting in an irregular 3D 

plane of the pyrolysis front. The observed 3D features were distinct, demonstrating that 

shrinking core models might be too idealized in describing the front of pyrolysis in anisotropic 

fuels. Similarly, the combustion front followed, showing that the least dense regions were 

consumed first, and that led to particle cracking and fragmentation.     

Another technique that has been used in combustion research is X-ray photoelectron 

spectroscopy (XPS), which offers quantitative information about elements at the sample 

surface, including their chemical environment. The technique requires skilled deconvolution of 

the collected spectra; while straightforward in evaluation of metals and heteroatoms, the 

analysis of C1s spectra for carbons requires informed peak deconvolution, with support or 

validation from theoretical studies, e.g. employing quantum mechanics.291 Nevertheless, XPS 

grows in popularity, offering a new insight into the chemical structure of carbonaceous fuels 

and their evolution upon thermal treatment. For example, non-uniform distribution of elements 

between the bulk and surface of coal char samples was noted, with the surface enriched in Si 

and Al, but depleted in Fe, aligning with a non-uniform presence of the mineral matter.292 In a 

wood char, the surface-analysis allowed the quantification of the increasing degree of 

graphitization, noting that the amount of aromatic carbon increased with the temperature of 

pyrolysis.293 Interesting information from this surface-sensitive technique came from looking 

at partially oxidized samples. At low temperatures, a pre-oxidized char surface is 

predominantly covered by singly-bonded C-O, but at >250ºC, when the sample starts to 

measurably lose mass, a marked presence of carboxyl groups is observed.292 More recently, 

Levi et al.294 demonstrated that a further increase in the oxidation temperature results in the 

creation of other surface oxides, including epoxy, ether and carbonyl-carboxyl groups. The 

same group of researchers analyzed pre-oxidized samples, noting that epoxy structures are 

metastable but, at high temperatures, transform into the “edge” groups, namely the carbonyl-

carboxyl and ether groups.295 When those pre-oxidized samples were heated in N2, the oxide 

species desorbed as CO and CO2.149 The CO/CO2 ratio increased with the temperature of pre-

oxidation, correlating with a higher ratio of edge to epoxy groups. Summarizing, the existing 

XPS research, although mainly focused on coal chars, provides an invaluable and new 

mechanistic insight about the oxidation of carbon. Further work should include biomass chars, 

and ideally ash-free samples to exclude catalytic effects. In situ XPS studies with varied pO2 

are yet to come, but will clearly broaden our understanding, adding to the discussion on 

CO/CO2 ratios.   

 Experimental techniques during fluidization 

Magnetic resonance imaging (MRI), electrical capacitance tomography (ECT), 

electromagnetic tomography or X-ray tomography, to name a few, are non-invasive imaging 

techniques, which can shed more light on transient behavior and structure of fluidized beds. 

While not yet applied to biomass combustion, three-dimensional imaging can provide 

information that can help explain the role of drying and devolatilization on the floating and 

sinking behavior of biomass particles during combustion. For example, ECT enables 

measurements of electrical permittivity and conductivity in the bed. As the bubbles and the 

dense phase exhibit different permittivities, ECT can be used to characterize the 3-D 



distribution of gas and solids in a fluidized bed, providing information about a bubble size, void 

fraction, bubble velocity, or describing how does a gas jet impinge into a fluidized bed296–298. 

Measurements with ECT have been recently used to study gas-solid interactions in bubbling 

and slugging beds. Obtained images informed about the bed structure, providing means for 

comparison with CFD results and for validating drag models used in Eulerian-Eulerian two-

phase simulations.299 ECT has also been used to investigate the segregation behavior 

between a fluidized material, silica sand, and wood pellets and chips in a cold bubbling 

fluidized bed.300 Although the study confirmed that the biomass particles and sand segregate 

at room temperature mainly because of the density difference, the work demonstrates that 3-

D tomography can be potentially an interesting technique in researching biomass and 

fluidization, once combined with hot experiments. 

Another interesting trend in fluidization research includes micro-fluidized beds. Micro-beds 

have small volumes, are usually shallow and contained in narrow reactors. Microfluidized 

experiments have become increasingly popular because of enhanced heat and mass transfer 

between solid and gas phases and limited back-mixing.301,302 Although the hydrodynamic 

behavior during fluidization of micro-beds differs from beds at medium and large scale, the 

simplicity of microfluidized experiments explains their popularity in researching reaction 

kinetics, gasification, catalytic effects, etc.302,303 For example, a multistage in situ reaction 

analyzer based on a micro fluidized bed (MFB-MIRA) was developed and applied to determine 

the reaction order, n, of char combustion in O2.301 The bed was made of 3 to 6 g of SiO2 sand, 

with a static height of 4 to 10 mm. Experiments gave comparable results (n ~0.9) to the one 

obtained in larger beds.  

Another interesting experimental capability has been demonstrated after combining a 

microfluidized bed with a thermogravimetric analyzer (MFB–TGA), thus, allowing to measure 

a mass change of the micro-bed system during the studied reactions. In a traditional fluidized 

bed, where experiments are primarily based on the analysis of the evolved gas products, the 

concentration signals could be influenced by gas mixing downstream to the reactor. In MFB–

TGA with a real-time weight measurement, the mixing problem can be avoided. MFB–TGA 

reactors were successfully used in researching kinetics of char gasification304 or measuring 

reduction and oxidation kinetics of solid metal oxides used in chemical looping technologies 

(see Section 4.4), including materials based on manganese and iron oxides,305 calcium oxide 

for CO2 capture,306 or perovskites.307 Because of the small scale, MFB can be relatively easily 

combined with other experimental techniques and at a lower cost than would be required from 

larger fluidized beds. For example, Geng et al.308 carried out combustion experiments in an 

MFB reactor in conjunction with isotopic labelling. By tracing 18O atoms, the authors 

demonstrated the extent of the CO2 gasification during oxy-fuel char combustion. Overall, the 

advantages of microfluidized beds are undeniable. Unsurprisingly, the smaller size of fluidized 

beds becomes more and more attractive as the sensitivity of analytical methods for measuring 

gas composition or imaging the bed structure improves. 

 Chemical looping for biomass combustion and BECCS 

Combustion of biomass provides an opportunity for heat and power production at reduced 

CO2 emissions1. If the CO2 produced during combustion is captured and stored (as in BECCS) 

rather than released, the process becomes net-negative with respect to CO2 emissions.309,310 

Out of the available BECCS options, chemical looping combustion (CLC) of biomass appears 

to be the most attractive one, with the lowest costs for CO2 capture.311 Figure 9 presents the 



timeline of chemical looping research, highlighting key milestones, while Table 4 provides 

summary of recent reviews. 

Figure 9: Timeline and key milestones of CLC research312–321. 

 

Chemical looping combustion and related technologies (calcium looping, sorption enhanced 

reforming, gasification) have been extensively studied in the last 30 years. Lyngfelt 

summarized the collective operative experience from 49 CLC pilots (300 Wth to 1 MWth), 

arriving at 11,000 hours of operation; of these, 700 hours involved CLC powered with 

biomass.321,322 The full BECCS sequence from CLC is yet to be demonstrated.    

In a typical CLC process, fuel is provided to a fuel reactor (FR), filled with an active bed 

material, which is fluidized by an air-free stream (e.g. CO2). The solid particles of the bed 

material donate oxygen needed for combustion, and afterwards, are directed to an air reactor 

(AR) for regeneration with air. Because the bed material effectively transports lattice oxygen 

between the two reactors, it is commonly referred to as an oxygen carrier (OC). Materials 

suitable for the cyclic release and uptake of oxygen, as required from oxygen carriers, are 

mainly mono- or multi-metallic oxides.  

In CLC, oxygen transfer involves the OC particles; thus, air and fuel never mix, so flue gas 

from the FR contains a highly concentrated stream of CO2 in a mixture with readily removable 

H2O. In the FR, to enable combustion of solid fuel with oxygen from a solid carrier, two 

approaches have been employed: in-situ gasification chemical looping combustion (iG-CLC) 

and chemical looping combustion with oxygen uncoupling (CLOU).  

In iG-CLC, the solid fuel undergoes devolatilization, and the remaining char is gasified in the 

reaction with the fluidizing gas, i.e. CO2 or H2O. As a result, the solid fuel gradually transforms 

into a gaseous fuel, CO and H2, which can then readily combust by extracting the lattice 

oxygen from the solid OC. Here, the two heterogeneous reactions, gasification of the solid fuel 

and combustion on the solid oxide, influence each other. Marek et al. demonstrated that active 

bed materials enhance the gasification rate, shifting the process from being mass transfer 

controlled back to kinetically controlled.323 While the result is expected, because the reaction 

with OC effectively adds to the pool of gasifying medium and removes from the pool of 

combustible products, the authors provided a method to quantify and predict the enhancement 

effect for any combination of char fuels and active OCs.  

 



In CLOU, the situation is reversed, as this time, the OC particles release oxygen to the gas 

phase, O2(g). The molecular oxygen readily reacts with solid fuel particles.324 Here, again, the 

two reactions are interconnected. Kwong et al. demonstrated that the presence of a CLOU-

type OC enhances the rate of combustion of birch char, significantly exceeding the rates 

observed in an analogous (the same pO2) experiment but with inert bed material.136 The 

authors provided an analytical model for predicting the time of complete combustion in CLOU, 

and, thus, the means of estimating the expected enhancement in the combustion rate. 

In industrial operation for BECCS, which would aim at maximizing the CO2 capture and 

efficiency of energy conversion, the CLC performance can deviate from ideal cases in several 

manners. The combustible gases (volatiles, products from gasification) should react 

completely in the FR unit, either in the bed of the active material or in the freeboard. If this is 

not achieved, then the off-gas requires further processing in an additional operational unit and 

with purified oxygen to prevent diluting the CO2 stream. Mei et al. investigated the 

effectiveness of a post-combustion unit added to a 100 kWth FR in an iG-CLC configuration, 

showing that the gas conversion improved from less than 0.9 to nearly 1.0.325 However, the 

need for purified oxygen in off-gas processing significantly adds to the operational cost of the 

plant; Lyngfelt and Leckner estimated that this will represent about 33% of the total cost of 

CO2 capture.319 To remedy the issue, a more reactive oxygen carriers can be implemented, 

such as CuO-based materials releasing O2(g) in a CLOU operation.318,326 Another problem 

concerns unconverted particles of char, which can be carried over with the main OC stream 

from the fuel reactor to the air reactor. Once in the AR, the stream of OC and char is exposed 

to air, so any remaining char burns achieving full conversion, but the produced CO2 is not 

captured. To circumvent losses caused by the unburnt char, a separation unit, such as a 

carbon stripper, might be required, where fuel is separated from the OC stream and returned 

to the FR.327      

Oxygen carrier-aided combustion, a concept strongly related to CLC, also involves active 

materials, but the main gas medium for fluidization is still air, as in regular combustion units. 

Switching from inert sand to an active material improves the oxygen distribution in the 

combustor and reduces the concentration of unburnt components in the off-gas.328 

Additionally, this approach leads to lower NO emissions because the active material promotes 

fuel conversion within the bed, minimizing flame combustion in the freeboard.329 Oxygen 

carrier-aided combustion can be readily implemented in the existing combustors if the 

hydrodynamics with the new bed material can match the design specification. The 

attractiveness of this approach also arises from the application of inexpensive carriers, such 

as ilmenite,328,330 steel converter slag,301 or natural ores.332 

Table 4: Recent reviews on chemical looping combustion. 

Topic Year Reference 

Chemical looping combustion (extensive review) 2012 317 

Fundamentals, oxygen carriers, reactor designs of CLC (extensive 

books) 

2015, 

2019 

333,334 

Chemical looping combustion of solid fuels (extensive review) 2018 336 

Reactor design and operation of chemical looping combustion  2018 337 

Chemical looping with oxygen uncoupling  2013, 

2019 

337–339 



Biomass utilization with chemical looping technologies 2017, 

2018 

310,340 

Challenges and outlook of chemical looping  2019, 

2020 

321,341 

5. Challenges, Research Gaps and Perspectives  

Combustion of biomass has been extensively research. However, with the increasing role of 

biomass in the future energy systems, the interest in the topic and the need to address the 

remaining research gaps are justified. As discussed in Section 4, the emerging new 

experimental and modelling capabilities can offer new insight, explaining the reasons for the 

observed combustion behavior that is influenced by the type of biomass fuel. For example, 

the transient changes in the physicochemical and mechanical properties of the fuels 

significantly affect combustion. The existing relationships of main properties usually link them 

with temperature or the composition and conversion of the fuel particle. Because of the 

anisotropic nature of biomass, the thermally induced changes are non-uniform, affecting the 

shape and speed of the process fronts (drying, pyrolysis, combustion). Describing the 

relationship between all the multidimensional changes remains a challenge. Simple and 

generalized methods that can model the spatial and temporal changes realistically, including 

the change in particle shape, are still needed. 

Drying is a well-known process, but because biomass contains a significant amount of 

chemically bound water, a physically justified description of water release from biomass 

particles is missing. The classical and commonly used models with heat-sinks and empirical 

kinetic models remain the go-to approach when detailed information about drying is not 

crucially important, for example, when drying is fast. However, a full understanding of drying 

and its effects on biomass remains in the research perspectives. Recently, promising progress 

has been driven by the equilibrium models, which are computationally expensive but are more 

accurate. For integration into combustion simulations, a new, hybrid approach, compromising 

between accuracy and complexity, would be valuable. Bountiful information has also been 

published on pyrolysis, but often the discussion neglects heat transfer limitations, the influence 

of conversion, or the compensation effect in kinetics. 

With recent developments in computational capabilities and methods allowing for advanced 

multiphase models, the progress in simulating fluidized beds has significantly accelerated. 

However, in combustion research, most of the implemented kinetics for homogeneous 

reactions does not account for the quenching influence of the moving solids. Experimental 

validation of the popularly used kinetic parameters is required. Furthermore, fuel segregation 

from the bed material and the impact of the gas emission from the fuel particle has not been 

fully researched but clearly affects the quality of combustion in fluidized beds. Perspective 

research and modelling should account for the gas efflux from biomass particles, as well as 

all phenomena observed during fluidization. 

As described in Section 2.4, there is a gap in determining intrinsic kinetics for the combustion 

of biomass chars, with the biggest challenge concerning a clear description of the effect of 

char physical properties. In an ideal scenario, a set of kinetics, independent of the type of 

biomass, can be obtained, similarly as it was done by Smith for coal chars171. Since the variety 

of biomass is vast, the perspective research can turn into new data analysis techniques, for 

example, employing machine learning, which has been demonstrated useful in other areas of 



combustion research, such as predicting heating values of biomass,342 or the product yields 

from devolatilisation.343    

Information on the primary CO/CO2 ratios from biomass combustion is scarce; hence, most 

researchers use correlations obtained from coal chars. This is clearly a significant research 

gap, since biomass and coals differ significantly in the ash content, and metals in ash are 

known catalysts of combustion, it would be expected that the CO/CO2 ratio also differs. 

Furthermore, mechanistic insight into the role of ash in combustion products is still incomplete. 

Other chemical details affecting combustion, including the catalytic effects from inorganic 

minerals, are well researched but not implemented in combustion models. A discussion on 

research needs and challenges concerning chemical details was also presented by Hupa et 

al.16 

Combustion is often limited by mass transfer; however, the transition between regimes when 

burning biomass is often not discussed but rather assumed a priori. The recent research using 

micro-CT casts doubt on the validity of using a uniform effectiveness factor in char combustion. 

While mainly discussed for coal char, perspective research with biomass chars, which are 

more reactive, would be even more interesting, adding further to the discussion.  

6. Conclusions 

The topic of biomass combustion in fluidized beds is vast and overlapping with research in 

other areas (e.g. gasification, pyrolysis, heat and mass transfer); hence, the presented critical 

review is naturally limited to only a few key subtopics. Instead of providing a full overview of 

the fundamental knowledge in combustion, the intention of this paper was to focus on recent 

studies and identify research gaps. The readers are strongly encouraged to look for detailed 

discussions in extensive reviews listed in Table 1. Although the subject is vast, gaps in the 

existing body of knowledge have been recognized and discussed.  

This review focused on selected topics, so it is useful to highlight research areas that were 

omitted. The pollutants from combustion were not discussed, but the issue was extensively 

covered by  Khan et al.11, Williams et al.14, or Gulyurtlu et al.344 More information on mass 

transfer, and specifically on gas mixing in fluidized beds was given by Gomez-Barea and 

Leckner13 and Di Natale et al.186 The review also omitted the topic of particle fragmentation - 

one of the most important phenomena affecting the burnout time in fluidized beds. The burning 

char particle can fragment into smaller pieces due to numerous reasons, such as thermal 

stress, weakening of the char structure due to gasification and combustion, or attrition because 

of impact with the fluidizing material. While this topic is not discussed here, it was reviewed by 

Scala et al.345 Attrition can be modeled with a particle population balance,346 or an attrition 

function, which depends on the particle conversion and fitted structural parameters.347 Char 

gasification with H2O or CO2 was only mentioned here, but it is expected that gasification plays 

a significant role at high temperatures where oxygen transport limits the rate of combustion. 

Gasification is also highly relevant when discussing combustion in atmospheres with a high 

CO2 and H2O content, such as oxy-fuel combustion348,349 or iG-CLC323. The topic of gasification 

has been reviewed, for example, by Di Blasi,12 Gomez-Barea and Leckner13.   

In conclusion, thermochemical processing including combustion remains an active field of 

research, with new challenges arising with the application of new types of fuels, for example, 

organic wastes. The review described recent progress and some remaining gaps with the 

intention to inspire primarily young researchers. 
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Nomenclature 

Letters  

A Pre-exponential constant  

𝐴𝑝  External surface area 

𝑐  Molar concentration  

𝒸1  Coefficient for calculating particle surface area  

𝐶𝑝  Specific heat capacity  

𝑑𝑓  Diameter of fuel particle 

𝑑𝑝   Diameter of bed particle  

𝐸  Activation energy  

ℎ  Heat transfer coefficient  

∆𝐻  Change in Enthalpy  

𝑘  Rate constant  

𝑘𝑔  Mass transfer coefficient  

𝐾  Interphase mass transfer coefficient   

𝑚  Mass  

𝑀𝑣  Total mass of volatiles 

𝑛  Power index (due to shape factor or nth power law)  

𝑟  Radius, radial coordinate 

𝑅  Universal gas constant  

𝑅𝑝  Rate of combustion per unit of external surface area  

𝑆  Particle specific surface area  

𝑡 Time 

𝑇  Temperature  

𝑈  Fluid velocity  

𝑉  Volume  

𝑤  Weight fraction  

𝑋  Conversion/ fraction  

Greek letters  

𝛼  Thermal diffusivity  

𝜀  Voidage  

𝜅  Thermal conductivity  

𝜇 Viscosity 

𝜌  Density  

𝜏 Characteristic time 



𝜉  Molar ratio of CO to CO2  

Dimensionless numbers 

Bi Biot number, 𝐵𝑖 = 𝑟ℎ/𝑘 

Da Damköhler number, 𝐷𝑎 = 𝜏𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟/𝜏𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 

Dr Drying number, 𝐷𝑟 = 𝜏𝑑𝑟𝑦𝑖𝑛𝑔/𝜏𝑑𝑒𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

Hr Heat release number, 𝐻𝑟 compares heat release in reaction 

to heat removal via conduction or convection, see Scott et 

al.99  

Pe Peclet number, 𝑃𝑒 = 𝑟𝑈/𝛼 

Pr Pyrolysis number, 𝑃𝑟 = 𝜏𝑑𝑒𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛/𝜏ℎ𝑒𝑎𝑡 𝑢𝑝 

Re Reynolds number, 𝑅𝑒 = 𝜌𝑈𝑟/𝜇 

Sc Schmidt number, 𝑆𝑐 = 𝜇/𝜌𝐷 

Sh Sherwood number, 𝑆ℎ = 𝑟ℎ/𝐷 

Subscripts  

b bubbles 

eff effective 

f Fuel particle 

mf Minimum fluidizing condition 

Abbreviations   

AR Air Reactor 

BECCS Bioenergy with Carbon Capture and Storage 

BET Brunauer-Emmett-Teller 

CFD Computational Fluid Dynamics  

CL Chemical Looping  

CLC Chemical Looping Combustion  

CLOU Chemical Looping Combustion with Oxygen Uncoupling 

CPD Chemical Percolation Devolatilization  

CT Computed Tomography 

D-H Davidson and Harrison 

DAEM Distributed Activation Energy Model 

DEM Discrete Element Modelling 

DFT Density Functional Theory 

EMCD Equimolar Counter Diffusion 

FSB Fiber Saturation Point 

FR Fuel Reactor 

iG-CLC in-situ Gasification Chemical Looping Combustion 

K-L Kunii and Levenspiel  

MBS Multiple Bubbles Segregation  

OC Oxygen Carrier 



PAH Polycyclic Aromatic Hydrocarbons 

REA Reaction Engineering Approach 

SBS Single Bubble Segregation  

VOC Volatile Organic Compounds 

XPS X-ray Photoelectron Spectroscopy 
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