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Abstract 

Biomass steam gasification assisted by concentrated solar energy is an attractive technology for the 
production of storable renewable energy and the reduction of CO2 emissions. However, several 
challenges have stalled its deployment over the last decades: high temperature and/or large reactor 
volume required for complete fuel (char) conversion, the achievement of a steady syngas generation 
independent of solar radiation variation, and accomplishing effective heat supply at high temperature 
in large-scale reactors. This thesis deals with the analysis and design of a new scalable process to 
carry out the solar steam gasification overcoming the mentioned technical challenges. 

This thesis proposes a new concept of biomass gasification assisted by solar thermal energy, as 
an extension of the state-of-the-art dual fluidized bed gasification (DFBG). In the process the 
gasification unit in the DFBG is not only heated by the solids coming from the combustion unit, but 
also by an external stream of solids that has been previously heated in a solar particle receiver. This 
configuration allows uncoupling the solar receiver and the reactor using a thermal energy storage 
(TES), while the thermal integration is highly efficient since carrier particles are directly used in the 
reactor. The reactor will operate with high share of solar external heat when available, while it will 
send more char to the combustor when the fraction of solar external heat decreases (at nights or 
during winter time).  

A model of the proposed solar DFBG (SDFBG) was developed and used to assess the 
performance of the system. The results show that char conversion of 70–80% is a compromise for 
having a significant solar share in the syngas (around 12 %, defined as the fraction of chemical 
energy in the product gas coming from the solar energy) while maintaining reasonable gasifier 
volume i.e., char residence time in the range of 20-30 min. This operation is far from those of 
existing DFBG, using a much smaller gasifier volume, with limited residence time (1-5 min) and 
extent of char conversion (10-30%). Different integrations for the external solids circulation into the 
DFBG system were studied and, two of them were identified as the most advantageous for 
implementation in the process. The required solids circulations for the operation at high solar share 
resulted similar to those reported from existing DFBGs but, the required solids inventory for that 
operation is typically ten times higher than that in conventional DFBGs. As a result, current DFBGs 
should be significantly modified to allow the operation both in solar mode and autothermal 
conditions. 

The new features imposed by the operation of the SDFBG require from a precise understanding 
of the fluid-dynamics of the system. A model of a conventional DFBG is developed to understand 
the hydrodynamic performance of current units, and then to extend the knowledge to solar 
conditions. The cold flow model (CFM) at TU-Wien, one of the pioneering CFM developed for 
studying the fluid-dynamics performance of DFBGs, is taken as reference and, experimental 
measurements from this unit are compared with the model results. The model was used to 
preliminary assess the fluid-dynamic characteristics of SDFBGs. The results show that typical solids 
inventories and solids fluxes required by an SDFBG can be achieved by increasing around three 
times the diameter of the gasification unit compared to that of a conventional DFBG. Moreover, the 
loop seal is identified as a key element for allowing the flexible operation of the SDFBG under 
different external heat loads.  

Motivated by the key role of loop seal unit in the SDFBG, experimental work was carried out in 
an isolated loop seal CFM, intended to shed light on the fluid-dynamics of these units and, looking 
for fundamental knowledge to improve the current semi-empirical models. Results from the study 
show that the resistance offered by the horizontal passage (opening) of the loop seal, leads to non-
homogeneous gas-solids flow pattern which, ultimately, establishes the fluid-dynamic performance 
of the unit. The non-ideal gas-solids flow patterns occurring in actual loop seals were demonstrated 
not to be addressed by simple semi-empirical 1D models, needing more complex computational 
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models to capture the 2D/3D effects. Although CFD is a useful tool to predict the behavior of these 
units, a comprehensive generalization is difficult; conclusions from this work can be useful to 
understand different designs. 

All the gained knowledge was gathered and used to design a flexible SDFBG able to operate both 
under autothermal and at high allothermal conditions. The previously identified most advantageous 
integration options of the external solids circulation into the DFBG were considered, leading to 
different design and operation requirements. Char conversions in the gasifier from autothermal to 
high allothermal operation ranges from 15 to 80%, respectively, while the maximum solar external 
heat load rounds 2.6 MJ/kgbio,daf (typically 14% of the heating value of the biomass). This contrasts 
with the maximum share calculated by equilibrium (≈5 MJ/kgbio,daf), indicating that there is still 
room for improvement if operating conditions in the gasifier are optimized. 

Overall, the work clearly demonstrates that the proposed SDFBG presents huge scale up 
potential, taking the most of current state-of-the-art technologies of DFBG after some modifications, 
mainly: a wider gasifier unit, a narrower riser-combustor and a dedicated lower loop seal for 
adapting the operation to changes in external heat loads. Moreover, reactor optimization measures 
such as the combination of the developed solar DFBG with catalytic gasification and addition of 
sorbent to capture CO2 seem to be promising extensions to provide even further benefits.  
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Nomenclature 

A cross section, m2 

a decay coefficient, m-1 

Awall surface area (of the pipe), m2 
C constant for calculating the decay coefficient a, - 
cp specific heat of solid inert material, kJ kg-1 K-1  
dgasifier  diameter of the gasifier, m 
dp  particle size, m 
E(t) residence time distribution, s-1 
E∞ elutriation constant, kg m-2 s-1 

ERH2O   steam equivalence ratio, - 
F mass flowrate, kg s-1 

Fchar flowrate of char leaving the gasifier, kg s-1 
Finert total flowrate of inert material leaving the gasifier, kg s-1 
Fs flowrate of solids inert material, kg s-1 
g gravitational acceleration, m s-2 
Gs solids flux of inert material referred to the riser (to the SC in Chapter 4 figures), kg m-2s-1 
h height, m  
HG specific heat requiered by the gasifier, kJ kgbio,daf-1 
L lenght of the pipe, m 
ni molar yield of species i in the product gas (per mol of biomass), - 
Pi pressure at tap i, according to Fig. 3.1 (a) or Fig. 4.1, Pa 
Q gas flowrate, m3 s-1 

RC-H2O reactivity of char steam gasification, s-1 

RRC fraction of gas flowing through the RC to total gas fed to the loop seal, - 
T temperature, ºC 
t time, s 
Th biomass throughput (referred to the gasifier), kg h-1 m -2 
u0  superficial gas velocity, m/s 
ucritic critic velocity defined as in Eq. (3.24), m s-1 
ug actual gas velocity, m/s 
umf  minimum fluidization velocity, m s-1 
us solids velocity, m s-1 
ut particle terminal velocity, m s-1 
W solids inventory, kg 
Xchar average char conversion in the gasifier, - 
xO2 molar fraction of O2 in the riser fluidizing gas, - 
Greek symbols 
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α angle of inclination of the pipe in Fig. 3.1, º 
β gas-particle friction coefficient, kg m-3 s-1 
δ bubble fraction, - 
ΔP pressure drop, Pa 
ε voidage, - 
λ solid-wall friction coefficient, s m-1 
λH2O steam to biomass molar ratio, - 
λO2 oxygen to biomass molar ratio, - 
μg viscosity of the gas, kg m-1 s-1 
ξ constant dependent on the cyclone geometry - 
ρ  density, kg m-3 

ρh=0 solids concentration at the top of the riser dense zone, kg m-3 
σ referred to the gasifier geometry in Fig. 3.1(a), ° 
τbio biomass space time, s 
τchar average char residence time in the gasifier, s 
τr characteristic time of reaction, s 
Φ particle sphericity, - 

Subscripts 

1 referred to riser primary gas injection 
2 referred to riser secondary gas injection 
bb bottom bed 
bio biomass 
C referred to the flowrate of solids coming from the combustor/combustor temperature  
daf dry basis ash free 
g referred to the gas 
G referred to the gasifier  
mf minimum fluidization 
p referred to the particle 
s solids 
t referred to total gas fed to the riser 
T referred to total inventory of inert solids 
top referred to the top of the riser 

Abbreviations  

1D one-dimensional 
2D two-dimensional 
3D three-dimensional 
BFB bubbling fluidized bed 
bio biomass 
C1 referred to configuration 1 (according to Fig. 2.2) 
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C2 referred to configuration 2 (according to Fig. 2.2) 
C3  referred to configuration 3 (according to Fig. 2.2) 
C4 referred to configuration 4 (according to Fig. 2.2) 
CFB circulating fluidized bed 
CFD computational fluid dynamics 
CFM  cold flow model 
DC down comer 
DFB dual fluidized bed  
DFBG dual fluidized bed gasifier/gasification 
DNI direct normal irradiance 
EM equilibrium model 
FB fluidized bed 
FBG fluidized bed gasifier 
HHV high heating value 
HMS hot material storage 
KM kinetic model 
LHV low heating value 
LLS lower loop seal 
PEM pseudo-equilibrium model 
RC recycle chamber 
SC supply chamber 
SDFBG solar dual fluidized bed gasifier 
SEH specific external (solar) heat 
TDH total disengagement height 
TES thermal energy storage 
TU-Wien Vienna University of Technology 
ULS upper loop seal 
WGSR  water-gas-shift reaction 
WMS warm material storage 
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Chapter 1. Introduction 

In recent years, limited availability of fossil fuels and concerns over energy-supply security, together 
with the need to reduce greenhouse gas emissions have placed the development of renewable fuels 
in the spotlight. Steam gasification of biomass and wastes appears as an attractive process producing 
high-quality syngas (N2-free, with high concentration of H2 and low concentration of CO2) which 
can be further processed in catalytic reactors to produce renewable fuels and/or chemicals. 

Steam gasification of biomass is an endothermal process, requiring significant heat at high 
temperature (750-1000 ºC) to drive the reactions. Autothermal gasification in which part of the fuel 
is burnt to generate the necessary heat to maintain the process is the most developed technology at 
industrial scale. Two approaches can be followed for producing N2-free syngas from autothermal 
gasification: the use of pure oxygen as oxidizing agent, requiring from an air separation unit, which 
is energy-intensive and costly or, the use of air in a dual fluidized bed gasifier (DFBG), trading the 
cost and energy penalty of an air separation unit for a more complex gasification system. Allothermal 
gasification, using heat from an external source to drive the process, appears as a more interesting 
process for maximizing the gasification efficiency and at the time producing a high quality syngas 
with high share of hydrogen. 

In allothermal gasification the external heat source would ideally make it possible to transfer all 
the energy available in the fuel into the produced syngas, instead of burning some to provide the 
heat, hence significantly raising the syngas yield and improving the overall energy efficiency of the 
process. In turn, steam gasification transforms heat into chemical energy in the syngas with higher 
exergy and thus acts as a chemical heat pump. On the other hand, allothermal gasification can be 
seen as a method of water reduction (splitting) using the carbon in the fuel as reducing agent, 
generating additional hydrogen from water during the fuel reforming (so H2 comes from water and 
fuel). 

The use of solar energy as external heat source for steam reforming of fuels has been recognized 
as a highly attractive option [1], generating solar biofuels with maximum share of renewable energy 
in storable form. Given that the biomass availability and relatively high cost entail limitations in the 
scale and location of the plant [2], solar biomass hybridization appears as an attractive technology 
for improving operational flexibility. 

Solar gasifiers can be classified according to (i) the type of gas-solid contact, roughly as packed 
bed, fluidized bed, and entrained flow gasifiers, or (ii) the way in which solar radiation contacts the 
reactants, basically as directly-irradiated, where the solid carbonaceous reactants are directly 
exposed to radiation, and indirectly-irradiated, where the radiation strikes an intermediate material 
such as an opaque wall or energy carrier, which in turn irradiates the reacting chamber. 

Regarding the gas-solid contact, fluidized-bed reactors are considered the solar gasifier with 
highest scaling-up potential since they overcome the strict particle size needs of entrained-flow 
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reactors and, the transport limitations of packed-bed gasifiers due to the higher rates of mass and 
heat transfer.  

Respecting the solar radiation contact, direct irradiation offers superior heat transfer 
characteristics and energy efficiency, but the reactor must have a transparent window, which can be 
fouled by operation. A particular effort has been made to develop directly-heated solar fluidized bed 
gasifier (FBG) and many devices have been tested at lab-scale in transparent devices for the 
gasification of carbonaceous fuels [3–6]. Indirect irradiation, in which an intermediate medium is 
heated by solar radiation and transported to the gasifier, has less favorable heat transfer attributes 
but avoids the difficulties with direct irradiation design [7]. Three approaches have been proposed 
to indirectly supply the concentrated solar radiation to the reactor: (i) irradiating the reactor external 
sidewalls [8]; (ii) using a two-cavity reactor [9]; and (iii) using a heat carrier [10–13]. A wide 
discussion on the development reached by different solar gasifiers is presented in Paper I while 
further information can be found elsewhere [14,15]. 

Indirect solar gasification using a heat carrier is the only approach which allows to decouple the 
operation of the gasifier from the intermittency of the solar radiation by an intermediate thermal 
energy storage (TES). The first attempt on addressing the issue of solar energy intermittency to 
warrant the continuous operation of the gasifier was proposed very early [16] by the use of two heat 
carriers: solar-heated molten slags were stored, while steam was used to drive the heat from the 
thermal storage to the gasifier. Subsequently, similar concepts have emerged but simplified by the 
use of a single heat transfer medium: molten salt where proposed in [12] for supercritical water 
gasification while solids particles where proposed for conventional gasification [7,10,11] since they 
allow higher operating temperatures. 

The use of solid particles as an energy carrier is attractive since they are an excellent thermal 
energy storage medium, operating at high temperature and low cost. Solid particles were proposed 
as heat transfer and thermal storage medium in the early 1980s [17,18] because of their ability to 
withstand high temperatures and the straightforward integration of solar energy collection and TES, 
but the technology faded soon after. Only in recent years, driven by the need of achieving higher 
temperatures together with cheap TES, solid particle technology has been the subject of new 
research interest [19]. The current technology of particle solar receiver reaches temperatures of 1000 
°C [19,20] allowing the hybridization of solar energy with processes requiring energy at high 
temperature such as biomass gasification. A brief discussion on the key issues of solid particle solar 
receivers is provided in Paper I. 

1.1. Motivation, aim and scope 
This thesis is motivated by the lack of a technology for the implementation at scale of allothermal 
steam gasification. Despite the fact that a great number of allothermal steam gasifiers have been 
developed at laboratory or bench scale, none has been scaled up or commercialized due to practical 
problems derived from the difficulty of producing a steady syngas in spite of solar radiation 
variation, as well as the implementation of heat transfer at large scale. Therefore, steam gasification 
has only been conducted at scale using indirect air-steam dual fluidized bed gasifiers (DFBG). This 
technology produces a high quality syngas (N2-free and high H2 content), while the gasifier is 
thermally supported by the sensible heat of circulating solid material coming from a separated air-
combustion unit. Fuel for combustion comes either from the fuel fed to the gasifier (unconverted 
char) which is circulated to the combustor, or from additional fuel directly fed to the combustor. As 
a result, the gasification unit is allothermal, since the heat comes from a separated unit, but the 
system as a whole is autothermal (when there is no direct addition of fuel to the combustor). 

The aim of this thesis is to extend the possibilities of the classical air-steam DFBG following the 
approach in [10,11], by considering that the system can be thermally supported by external heat. 
The most attractive case implies that all the energy supply to the gasifier is renewable i.e., biomass 
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as solid fuel and solar energy as external heat. Under an ideal operation solar energy completely 
meets the heat demand of the gasification process and all carbon from the biomass is converted to 
fuel volatiles, resulting in a syngas embodying (in the form of sensible and chemical energy) not 
only all the energy from the biomass but also an additional share of solar energy. 

The scope of this thesis is to assess the hybridization of biomass gasification in dual fluidized 
bed (DFB) with concentrated energy from a solar tower using solids particles as heat carriers. The 
process is to be analyzed from the chemical reactor engineering perspective, coming up with an 
optimal reactor design that allows a continuous operation of the gasifier independent of the 
intermittency of the solar resource. The thermal integration between the DFBG and the solar field is 
considered to optimize the reactor design and operation. However, the solar energy is directly 
considered as an input parameter since, the performance analysis of the of the solar receiver and 
solar field by modelling is out of the scope of this work. 

1.2. Methodology 
Modelling is the main tool used in this work for understanding both, the thermochemical 
performance of biomass steam gasification and the fluid-dynamics behavior of DFBGs, and to 
design the new SDFBG. A previously developed pseudo-equilibrium model (PEM) was used to 
assess the steam gasification of biomass while, semi-empirical models were used for the fluid-
dynamics analysis. Moreover, experimental data from a DFBG cold flow model (CFM) were 
compared against the results of the DFBG hydrodynamic model developed. 

This work experimentally addresses the existing knowledge gap related to the operation of loop 
seals as non-mechanical valve, as these devices have a key role in DFB units. Dedicated 
experimental measurements, mainly based on pressure and solids height samplings, were carried out 
in an isolated loop seal CFM to shed light on the understanding of the fluid-dynamics of these 
devices. 

1.3. Outline of the thesis 
This thesis comprises an extended summary based on the five papers appended. Fig. 1.1 gives an 
overview over the structure of the thesis whose final aim, presented in detail Chapter 5, is the design 
of a dual fluidized bed reactor for carrying out solar steam gasification. Previous to the design, solar 
steam gasification process and its thermal integration with the solar field and energy storage along 
the year was assessed in Chapter 2, and fluid-dynamics issues in Chapters 3 (complete DFB loop) 
and 4 (loop seal). The contents of the appended papers are briefly summarized below. 

 
Fig. 1.1. Outline of the thesis. 

Paper II
Solids circulation

Solar field

Solar steam gasification in DFBG

Solar Dual Fluidized Bed Gasifier: design and operation
Paper V

Paper III
Dual Fluidized Bed 

Gasifier

Paper IV
Loop seal

Fluid-dynamics

Chapter 2

Chapter 3

Chapter 5

Paper I
Thermodynamics

Kinetics

Chapter 4
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Paper I reviews the state of the art of the most important features for developing the proposed 
SDFBG, analyses the thermodynamic and kinetic aspects of allothermal gasification. The char 
conversion and the performance of a conventional (non-solar) DFBG are assessed by modelling to 
assess the potential of a DFBG to be retrofit into SFBG. The results from these preliminary analysis 
delimits the window of the operating conditions and demonstrated the potential of the SDFBG. A 
first theoretical analysis of the reactor performance of the SDFBG is provided. 

Paper II applies the knowledge gained in Paper I for the analysis of the performance of the 
DFBG integrated with the solar side. The circulation of solids (internal and external) and the 
allowable solar heat supply to the system are compared for different integrations of the external 
solids circulation into the DFBG; two of them were identified as the most advantageous for 
implementation in the process. The separation and storage of char is identified as a method to provide 
the system with significant flexibility. Moreover, the operation under daily and seasonal weather 
variations throughout the year is studied by the developed model, coupled to a solar field using 
hourly data from a specific location. 

Paper III focuses on modelling the fluid-dynamics of a DFBG. The DFBG CFM at TU-Wien 
was used as reference unit and, the results of the model were compared with measurements. The 
model was used to theoretically assess the performance of conventional DFBGs and to preliminary 
assess the fluid-dynamic limitations of SDFBGs. The model was also used to analyze the 
performance of loop seals in DFB systems, which resulted to be very advantageous devices for the 
development of the proposed SDFBG.  

Paper IV presents the experimental study carried out in an isolated loop seal CFM. The study 
was intended to shed light on the existing controversies related with the fluid-dynamics performance 
and modelling of loop seals, looking for optimizing its design and operation within the proposed 
SDFBG. It was found that the fluid-dynamics behavior of loop seal devices is governed by non-ideal 
gas-solids flow patterns that cannot be addressed by simple semi-empirical 1D models. 

Paper V gathers all the knowledge gained from paper I-IV for the design of a flexible SDFBG 
able to operate both under autothermal and at highly allothermal conditions. The previously 
identified most advantageous integration options of the external solids circulation into the DFBG 
were considered, leading to different design and operation requirements. The performance of the 
SDFBG is analyzed under a wide range of solar external heat loads, and the flexibility of the unit, 
under different operating condition, is assessed by sensitivity analysis. 
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Chapter 2. Solar steam gasification in DFBG 

2.1. Process layout 
The proposed system is thought to combine the current technology of the DFBGs with the solar side. 
The conceptual integration of the solar gasification system and particle receiver is presented in Fig. 
2.1. Solid particles act as thermal energy carrier, circulating between the solar receiver and the 
gasifier. Two tanks allow for temporary thermal storage of solar energy: the hot material storage 
(HMS), to store the particles heated in the solar receiver, and the warm material storage (WMS), to 
store the particles leaving the gasification system. In Fig. 2.1, the DFB gasification system is 
represented inside the dash-dotted line, it is composed of: a bubbling fluidized bed (BFB) gasifier, 
where the biomass is injected, devolatilized and the char is partially gasified with steam, and a fast 
fluidized bed combustor, where the char coming from the gasifier is burned with air. In this 
arrangement, the gasifier is heated by both the circulating hot material coming from the combustor 
and that coming from the HMS.  

The reactor in Fig. 2.1 will operate with high share of external heat during the summer-light hours 
or when there is TES available, while it will send more char to the combustor (and thus generating 
more heat from char oxidation) when the fraction of solar external heat decreases (at nights or during 
winter time). When the system operates only supported by external solar energy (i.e. without burning 
char in the combustor) it will provide the highest solar share in the syngas (defined as the fraction 
of chemical energy in the product gas coming from the solar energy), converting the whole fuel into 
product gas. However, converting all the char in the gasifier would require a significant char 
residence time and, although some studies have been done on this [21], a gasifier design for that 
purpose is yet to be reported.  

Separation of the char from the solids leaving the gasifier during periods of high solar irradiance 
is an interesting option to increase the solar share in the system, which entails no special 
requirements in the gasifier design. Under this mode, the system operates allothermically (avoiding 
char combustion) when solar energy is available, while the separated char is stored for reintroducing 
it into the system in periods of low/absence of solar irradiance. A wide discussion on the implications 
of this option in the process is presented in Paper II. Although the mixture of bed material and char 
can theoretically be separated using a fluidized bed (due to the significant difference in the density 
and size of particles) the available knowledge on this topic is limited [22,23]. Therefore, this thesis 
is focused on maximizing the solar share while increasing the char conversion in the gasifier. Further 
research to assess the real effectiveness of char separation in a system like the one proposed is an 
interesting extension. 
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Fig. 2.1. Solar hybridized dual fluidized bed concept. 

In a standard (non-solar) DFBG, there is only internal solids circulation between the units (as 
shown in the system inside the dash-dot-lined box in Fig. 2.1) while in the SDFBG there is also 
external solids circulation (through the solar loop). Furthermore, there are different alternatives for 
the integration of this external solids circulation into the system, as shown in Fig. 2.2. As a result, 
depending on the integration, the solids circulation from the gasifier to the combustor can 
substantially differ from that of the combustor to the gasifier. The selection of the optimal 
configuration is a matter of concern since the biomass space time (τbio, see Section 2.2.4) is different 
depending on the configuration. In addition, the presence of active (biomass, char and ash) particles 
in the solar receiver may present technical limitations in some solar particle receivers [19]. The 
presence of active material in the solar loop is avoided/minimized in C2 and C4 since the particle 
stream is removed from the combustor, where the char concentration is the lowest in the system. 

 
Fig. 2.2. Configurations for the direct integration of the solids heat carrier in the SDFBG system (- - - circulation 
from/to the solar loop). 

2.2. Modelling  
2.2.1. Biomass steam gasification modelling approach 
The complete conversion of 1 mol of wood biomass with general formula CH1.5O0.7 [24] by steam 
gasification to yield syngas (H2 and CO) and hydrogen (and CO2) can be represented by reactions 
R1 and R2, respectively. 

1.5 0.7 2 2CH O + 0.3H O 1.05H + CO→       (R1) 

1.5 0.7 2 2 2CH O + 1.3H O 2.05H + CO→      (R2) 
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Gasification is an endothermal process requiring significant heat to drive the reactions. The 
standard heat of reaction at 25 ºC of R1 and R2, considering a biomass high heating value (HHV) 
of 20 MJ/kg, is, respectively, 75.6 kJ/mol (3.06 MJ/kg) and 34.5 kJ/mol (1.40 MJ/kg). However, 
this is just an ideal reference case and not the actual situation of biomass gasification in FBG which, 
due to thermodynamic and kinetic limitations must be conducted at high temperature (750–1000 °C) 
and results in a more complex product distribution [25] as indicated in R3. 

2 2 2 4 2 4 2 10 8 (S)1.5 0.7 H O 2 2 CO CO 2 CH 4 C H 2 4 H O 2 C H 10 8 C (s)CH O + H O H CO+ CO CH C H H O + C H CHn n n n n n n nλ → + + + + + (R3) 

Besides CO and H2, the product gas contains: hydrocarbons, CH4 and other light compounds and 
tars, unconverted char and unconverted steam (even when feeding the stoichiometric steam 
according to R1). Calculating the distribution of syngas and char for different operating conditions 
in a FBG is complex and different models are employed. Three approaches can be applied to model 
steam gasification in an FBG [26]: (i) equilibrium model (EM); (ii) kinetic models (KM), taking 
into account chemical and fluid-dynamic rate consideration and, (iii) the combined approach, 
sometimes called pseudo-equilibrium (PEM). EM is the most universal way to close the calculations 
but fails in predicting real gas composition and fuel utilization (char conversion). KM gives better 
representation of the process for a specified system (geometry, type of biomass, etc.) but a great deal 
of inputs is required, and the conclusions are system-dependent. PEM is based on equilibrium 
relations together with semi-empirical inputs to take into account kinetic and flow rate limitations. 
It is a reasonable compromise between EM and KM using some comprehensive models supported 
by empirical closures. Although the steam gasification process in this thesis is always modelled 
following the PEM approach, the EM is analyzed in Paper I to thermodynamically quantify the 
ideal process and, to understand the effect of kinetic limitations (a summary is given in Section 
2.3.1). 

2.2.2. Model of the solar DFBG 
The model of the SDFBG comprises the gasification and combustion units and considers the solids 
stream coming from the solar loop. 

The steam gasification process (in the gasifier unit) is represented by R3 where for the sake of 
simplicity moisture and ash free biomass is considered, the char is assumed to be pure solid carbon 
C(s) and, the light hydrocarbons are lumped into ethylene (C2H4) and tars into naphthalene (C10H8). 

The gasifier is modelled following the approach described in [25]. The process is simplified by 
decoupling primary and secondary conversion in two sequential imaginary zones, a devolatilization 
zone and a reduction zone as sketched in Fig. 2.3. The primary yields of devolatilization are 
converted in the reduction zone, as represented by the dashed line in Fig. 2.3. The char is gasified, 
methane is reformed with steam, ethylene is dehydrogenated and the tar converted by 
reforming/cracking. The composition of the outlet gas is obtained by applying the equilibrium of the 
water-gas-shift reaction (WGSR) to the compounds released after devolatilization (i.e., fed biomass 
except unconverted C2H4, CH4, tar and char), and considering the overall atomic mass and heat 
balance over the entire gasifier while taking into account the unconverted fraction of hydrocarbons, 
tar and char.  

Other assumptions for modelling the gasification reactor are: (i) conversion of gaseous species 
assuming perfect mixing of gases both, in the bed and freeboard, and first order kinetics, with 
average gas residence time of 1 s (the actual geometry of the reactor is not considered); (ii) char is 
removed from the gasifier with the solids circulating to the combustor and/or to the solar loop 
(neither elutriation nor mechanical removal of bottom ash are considered) and (iii) the char is 
converted by steam gasification considering that the particles are perfectly mixed in the reactor and 
following the uniform conversion model (further details are given in Section 2.2.3). 
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Fig. 2.3. Scheme of the steam gasification model adopted in this work. The reactions indicated are global to 
qualitative give and overall description of the main conversion processes. 

If the gasification temperature, steam to biomass fed (λH2O) and inlet temperature of the 
gasification agent are specified, there are 9 unknowns (heat necessary for gasification, HG, and the 
8 yields of species in the product gas, ni). The problem is solved considering the 4 balance equations 
(three atomic balance equations, CHO, and one heat balance) and 5 additional equations (conversion 
of CH4, C2H4 and tar according to kinetics rates, equilibrium of WGSR and char conversion sub-
model). 

The combustion unit has been modelled assuming instantaneous and complete conversion of the 
char coming from the gasifier and char storage, i.e. no unburnt char enters the gasifier with the solids 
coming from the combustor [27]. The overall process in the combustor is given by, 

2 2 2 2(s) 2 2 2 2 2+ O + 3.76 N CO + 3.76 N + ( -1)OC O O O Oλ λ λ λ→    (R4) 

The heat necessary for gasification (HG) comes from the solids circulating from the combustor 
(Fs,C) and HMS (Fs,HMS). Eq. (2.1) is the coupling equation for configurations C1 and C2 (Fig. 2.2), 
in which the solids from the HMS are introduced into the gasifier, and Eq. (2.2) for C3 and C4, in 
which the solids from the HMS are introduced into the combustor so that all the solids into the 
gasifier come from the combustor. Note that, for the sake of simplicity, the sensible heat of active 
particle, i.e., char, which represents a small fraction of the stream (< 3%), is neglected. 

, ,( ) ( )G s C p C G s HMS p HMS GH F c T T F c T T= − + −     (2.1)  
, ( )G s C HMS p C GH F c T T+= −       (2.2) 

When modelling the char conversion in system under C1 and C2, the concentration of char in the 
solids stream from the HMS is assumed to be equal to that of the gasifier (in agreement with the 
assumption of perfect mixing of solids). For a given solar external energy supplied to the system the 
model estimates the char to be burnt in the combustor to balance the heat requirements in the gasifier, 
as well as the corresponding average residence time of the char particles in the gasifier (τchar) to 
completely convert the remaining char in the gasifier (that, which is neither circulated to the 
combustor nor stored).  

When analizing the performance of the system joined to the solar field, the transient response of 
the SDFBG is considered faster than the hourly irradiance variations (hourly pseudo-stationary 
model). This asumption must be treated with caution since there are operating conditions where the 
rate of change of the process can be of the same order of magnitude. The solar field, considering 
Sevilla as location of reference, was sized for a solar multiple (defined as the ratio between the area 
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of heliostat field and that require to meet the heat demand of the gasifier at the peak solar thermal 
output) of 2.5 and a SDFBG operating at a maximum char conversion of 78%. A TES of 19.8 
MJ/Fbio,daf was selected for the analysis as that allowing to run the gasifier at maximum char 
conversion, during 24 h/day for the reference case in summer (Fig. 2.8(c)). 

A summary of the operating conditions set for the base case study is given in Table 1 and some 
of them are discussed in Section 2.3.2. More details of the model as well as other required input data 
(devolatilization yields, kinetic expressions, etc.) are reported in Paper II. 

Table 2.1. Summary of the operating conditions set for the base case study of the SDFBG (it is specifically 
detailed when variations of these parameters are considered in the analysis). 

Gasifier temperature, TG ºC 850 
Combustor temperature, TC ºC 905 
HMS temperature, THMS ºC 950 
Steam temperature  ºC 7501  
Air temperature  ºC 25 
Steam equivalence ratio, ERH2O2  2 [28] 
Air fed over the stoichiometric in the combustor % 20 
Pressure of operation  Pa 101 325 

1 Considered as the maximum achievable after the energetic integration of the system  
2 Steam fed into the gasifier over that required to stoichiometrically convert the biomass into syngas (H2 and CO) 

2.2.2.1. Char conversion 

The conversion of the char is the rate-controlling process in FBGs where, in general, it is difficult 
to fully convert the solid carbon. Even in units operating with high temperature and reactor volumes, 
or when an external catalyst is used, the backmixing of solid particles makes complete char 
conversion difficult in one single bed. The extent of char conversion in the gasifier depends on the 
carbon-steam gasification rate of the char particles (CO2-carbon rate is slower) and their residence 
time in it. On the one hand, the rate of reaction depends on the temperature, the species concentration 
(mainly steam, but hydrogen can be also important as it inhibits the carbon-steam reaction rate), the 
intrinsic reactivity of the char (fuel type and form of char generation), and the quality/extent of gas-
solid contact. On the other hand, the residence time of the char particles depends on the rate of solids 
removal that can be unintentionally happen by gas-solid elutriation from the bed and/or, in the case 
of DFBG, by removing the solids to carry them to the combustor. Theoretically, in a FBG without 
any kind of char removal the residence time of char could be infinite, and consequently, the char 
conversion could be complete. In practice, due to kinetic limitations, there is a throughput of char 
flow rate (i.e., kg m−2 s−1) that can be converted in a gasifier with a given solid inventory. 

The char conversion in the gasification unit of a DFBG depends on the heat balance of the system: 
while in a conventional autothermal DFBG, the char conversion is very limited since a significant 
fraction is burnt in the combustor to thermally maintain the system; in a SDFBG, the fraction of char 
burnt in the combustor is reduced, and that converted in the gasifier increased, as more external solar 
heat is provided. Moreover, the char conversion and residence time in the gasifier are directly linked 
to the gasifier solids inventory and solids circulations. Therefore, the conversion of char in the 
gasifier is a key step in modelling the performance of both solar and standard DFBGs. 

The char conversion model applied in this work is summarized by Eqs. (2.3-6). The uniform 
conversion model with kinetic control was adopted for representing the single particle conversion 
which, after integration results in Eq. (2.4) . The average char conversion in the gasifier is calculated 
according to Eq. (2.3) by considering a population balance of perfectly mixed char particles (i.e., 
according to the residence time distribution given by Eq. (2.5)) and perfect mixing of gas. Integrating 
Eq. (2.3) leads to Eq. (2.6), where the char conversion is just function of the characteristic time of 
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reaction, τr, estimated from the reaction rate of the char steam gasification as in Eq. (2.7) and the 
average residence time of char particles in the gasifier, τchar, defined as in Eq. (2.10). 

0

( ) ( )char charX x t E t dt
∞

= ∫        (2.3) 

( ) 1 exp( / )char rx t t τ= − −       (2.4) 

/1( ) chart

char

E t e τ

τ
=        (2.5) 

1
char r

char
char r

X
τ τ
τ τ

=
+

       (2.6) 

2

1
r

C H OR
τ

−

=        (2.7) 

where, is the instantaneous reactivity of a single char particle which for the UM only depends on 
temperature and gas reactant composition (ci), 

2

1( , ) char
C H O i

char

dx
R T c

x dt− =       (2.8) 

2.2.3. Performance indicators 
The following parameters are defined to assess the results of the model. 

Biomass space time (τbio) defined as the ratio between the mass inventory of the gasification unit 
and the mass flowrate of biomass 

=  bed inert
bio

bio bio

W W
F F

τ         (2.9) 

where the approximation takes into account that the bed is mainly composed by inert material (sand, 
olivine, etc.) and the char holdup in the reactor is much less significant for practical operating 
conditions. 

Average residence time of the char particles in the gasifier defined as the ratio of char holdup 
and flowrate of char leaving the gasification unit, i.e., 

char
char

char

W
F

τ =         (2.10) 

Assuming perfect mixing of solids in the gasifier (a reasonable hypothesis in a low-velocity 
operated BFB), the stream of solids leaving the gasifier has the same composition as that inside the 
gasifier so it holds, 

 inert inert

char char

W F
W F

=         (2.11) 

Finert being the flowrate of inert material leaving the gasifier. By combining Eqs. (2.9-11) the 
biomass space time can also be expressed as: 
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inert
bio char

bio

F
F

τ τ=                      (2.12) 

Specific external heat supplied to the system (SEH) defined as the amount of heat coming from 
the solar field/HMS that is introduced per kilogram of dry-ash-free biomass (daf).  

Solar share defined as the ratio between the SEH and the lower heating value (LHV) of the 
syngas (expressed in percentage). This is sometimes called solar-into-chemical efficiency, referring 
to the fraction of chemical energy coming from the solar energy, embodied in the product gas. 
Sometimes the solar share is defined in relation with the energy in the biomass i.e., SEH/LHVdaf 
giving values higher than the one defined in this works.  The latter definition is most usually called 
fuel upgrading. In this work the first definition is used for all the calculations.   

Cold gas efficiency, defined as the ratio between the chemical energy in the syngas and that in 
the biomass, expressed in percentage (the chemical energy is calculated by lower heating value for 
both biomass and syngas). 

2.3. Summary of main results 
2.3.1. Allothermal steam gasification 
The equilibrium predictions in Fig. 2.4 (a) show that, at low temperatures, solid carbon (C(s)) and 
CH4 are present in the product gas, but both disappear by reforming as the temperature is increased. 
The carbon boundary point (temperature at which the solid carbon is fully converted) is about 1200 
K for ERH2O=1, decreasing with ERH2O (for instance, although not shown in the figure, it is about 
900 K for ERH2O=4.33). CH4 virtually disappears at 1200 K and the CO and H2 increase with 
temperature as they are the main products of carbon and methane reforming. The increase is very 
significant as long as there is solid carbon in the system whereas the increase slows down once the 
solid carbon is reformed. For ERH2O=1 and T>1200 K, the syngas is practically H2 and CO as given 
by the stoichiometry of reaction R1. 

The corresponding heat required for gasification (the heat of reaction R3 assuming the 
equilibrium is achieved) as a function of temperature is presented in Fig. 2.4(b) for various fuels. It 
is shown that the heat for gasification increases with temperature up to 1200 K (923 °C) for 
practically all the fuels, i.e., up to the point where the fuel is practically converted into CO and H2 
as shown in Fig. 2.4(a). For biomass with LHV of approximately 18–18.5 MJ/kgbio,daf at around 
1000–1200 K (727–927 °C), the heat of gasification ranges between 3.5 and 5.5 MJ/kgbio,daf (80–
130 kJ/molbio,daf). The higher the carbon to hydrogen ratio of the fuel, the larger the heat necessary 
and the more water is split as observed in the figure where the region of biomass (green) is well 
below that for char from wood (blue) and pure carbon (black). However, on the basis of the heating 
value of the fuel, the ratio to be supplied to the gasifier (MJ/kgfuel,daf) is of the same order for all 
fuels (25–35% of the LHV of the fuel). 
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Fig. 2.4. Effect of temperature in allothermal steam gasification on (a) molar gas yields of the main species for 
steam gasification of biomass according to R1 (tars and other light hydrocarbons are not depicted as their 
concentrations are very low compared to the rest of species) and (b) specific heat of steam gasification at 
temperature T according to R1 (per kg of dry-and-ash-free fuel) for different fuels: carbon, char, and biomass 
(the hatched region in the figure corresponds to a typical biomass). Equilibrium predictions, ERH2O = 1. 

An important issue for the present work is that the heat to be supplied to the gasifier is much 
higher if the equilibrium is attained, as the reforming of hydrocarbons and the gasification of char 
(highly endothermic reactions) are almost completed, releasing more H2 species. According to the 
results presented in Paper I the EM predicts 2–3 times more heat than PEM. This is because as the 
gasifier is limited by kinetics factors, a great deal of carbon, methane, and hydrocarbons are not 
reformed and the heat required is much lower. In effect, at 850 °C, for instance, around 0.14 LHV 
of the energy is necessary in the gasifier according to PEM, whereas about 0.25 LHV is predicted 
by EM. The conclusion is that the more complete the ideal reaction (R1) to syngas (CO and H2), the 
higher the energy is stored in the product gas, which is a key aspect for the design of the solar 
gasifier. 

2.3.2. Setting the operating conditions of the SDFBG 
To select the range of operating temperatures of the gasification and combustion units in the solar 
DFBG system, the char conversion in a stand-alone FBG and, the performance of a conventional 
(non-solar) DFBG were assessed in Paper I. 

From the analysis of char conversion by steam gasification in a gasifier (see Fig. 9 in Paper I for 
details), it is concluded that the residence time required by a char particle to achieve half conversion 
is reduced one order of magnitude (from 10-30 min to 1-3 min) when increasing the temperature 
from 800 to 900 ºC and, that at 850 ºC, an 80% char conversion can be reached at still reasonable 
char residence time of 40 min. 

Fig. 2.5 shows some results for the operation of a conventional DFBG. It is observed (Fig. 2.5(a)) 
that the operation at high gasification temperature increases the heat requirement in the gasifier (due 
to char and tar conversion enhancement [26]), leading to higher solids circulation ratios and char 
burning in the combustor (i.e., lower char conversion in the gasifier). On the other hand, operation 
at low gasification temperatures allows maximizing the incoming solar heat per unit of inert solids 
input (maximum temperature achievable in solids solar receivers under development is around 900–
1000 °C [19,20]). Fig. 2.5(b) shows that keeping the solids circulation below 30-40 kgsolids/kgbio,daf 
it is possible to operate the system with a difference of temperature between the gasifier and 
combustor in the range of 40-50 °C, which are reasonable figures in conventional DFBG [28–32]. 
Ash sintering above 900 °C is another limiting factor when selecting the temperature in the 
combustor. As a compromise to meet all the mentioned aspects, a gasification temperature of 850 
°C and a combustion temperature of 905 °C are selected for the base case afterwards analyzed. The 
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temperature of the solids coming from the HMS is set at 950 °C, considering the difference of 
temperature between the HMS and the extraction point (gasifier or combustor) to avoid too high 
solids circulation ratios, together with a conservative value according to the limitation of temperature 
reached in particle solar receiver.  

 
Fig. 2.5. Operation of a conventional (non-solar) DFBG at ERH2O=2. (a) Solids circulation ratio and char 
conversion in the gasifier as a function of the gasification temperature for a combustor temperature of 905 ºC; 
(b) solids circulation ratio as a function of combustor temperature for three gasification temperatures. 

2.3.3. Solar DFBG 
2.3.3.1. Performance of the SDFBG 

Fig. 2.6 shows the performance of an SDFBG for the base case and C1 in Fig. 2.2 as a function 
of the specific external heat supplied to the system (SEH).The internal solids circulation decreases 
significantly with SEH as a result of the lower requirement of heat from char combustion, whereas 
biomass space time increases (Fig. 2.6(a)) since a larger reactor is needed to increase the conversion 
of char in the gasifier. Clearly, no internal circulation is needed when all the heat required by the 
gasifier is supplied externally by the solar energy, i.e. allothermal gasification, which is reached at 
SEH≈3 MJ/kgbio,daf. According to Fig. 2.6(b), char conversion of 70–80% can be reached in the 
gasifier with residence time of 20–30 min (requiring about 2–2.4 MJ/kgbio,daf). This can be achieved 
in a stand-alone low-velocity bubbling FBG but current gasification unit in DFBG, typically 
operated with char residence time in the range of 1-5 min (10-30% char conversion), would need to 
be modified to operate at high share of solar heat supply. Higher char conversion than 80% requires 
excessive long char residence time and thus gasifier volumes. For instance, 90% of char conversion 
is achieved when the SEH to be supplied is roughly 2.7 MJ/ kgbio,daf, requiring to triple the char 
residence time in the gasifier (about 100 min).  

Fig. 2.6(c) shows that the syngas yield and its hydrogen share is increased considerably with SEH 
as a result of higher steam-char conversion. Fig. 2.6(d) shows that for the maximum SEH (3 
MJ/kgbio,daf), 15% of solar energy is embodied in the product gas in the form of chemical energy. 
This results in an increase in the cold gas efficiency from 83.7% in the conventional (non-solar) 
DFBG operation (SEH=0) to 106.5% for the maximum SEH. Note that, with respect to the 
autothermal (no-solar) case, in the completely allothermal operation not only the 3 MJ/kgbio,daf from 
the solar energy are converted into chemical energy in the syngas, but also 1.25 MJ/kgbio,daf which 
result from the net transfer from sensible to chemical energy. This is explained by comparing the 
sensible energy leaving the system with the gas streams (fluegas+syngas) in the autothermal and 
allothermal case: the increase in sensible energy of the syngas leaving the system is 0.13 MJ/kgbio,daf, 
whereas the decrease in the sensible energy of the fluegas is 1.38 MJ/kgbio,daf. Being, therefore, 
demonstrated the high potential of solar thermal energy to increase the chemical energy of a non-
solar DFBG. 
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Fig. 2.6. Performance of a SDFBG as a function of external heat supplied to the system (SEH) for C1. 

The four configurations presented in Fig. 2.2 have been analyzed to assess the required external 
and internal solids circulation as a function of the specific external heat SEH (see Paper II-
Appendix A for details). The results are synthetized in Fig. 2.7 through the analysis of the biomass 
space time, (an indirect indicator of the solids circulation as shown in Section 2.2.4). It can be seen 
that, for a given SEH, the biomass space time is higher for C3 and C4 than for C1 and C2. The 
reason is that in C3 and C4 all the solids reaching the gasifier come from the combustor, requiring 
higher internal circulation ratio than in C1 and C2, in which the solids from the solar loop, with a 
higher temperature than that of the combustor, are introduced in the gasifier. It is shown that reaching 
a char conversion of 78% (SEH = 2.2 MJ/kgbio,daf) in the gasifier requires a biomass space time of 
1000 min in C3 and C4 (at any combustion temperature), while in C2 and C1 is achieved for a much 
lower biomass space time (640 min with combustor temperature of 870 °C and 680 min, with 
combustor temperature of 905 °C, respectively). Note that operating the SDFBG under C2 requires 
from modifying the temperature of the combustor (by decreasing it) while increasing the SEH. 

 
Fig. 2.7. Biomass space time of the different configurations (numbers over the lines) according to Fig. 2.2 when 
varying the SEH for different temperatures in the combustor. 
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Table 2.2 summarizes the pros and cons of each configuration in terms of circulation of active 
particles to the solar receiver, biomass space time and limitation in char conversion (i.e., limit in the 
amount of external heat that can be introduced into the process) due to requirement of char in the 
combustor for satisfying the energy balance of the process (see Paper II-Appendix A). It can be 
concluded that if the circulation of active particles to the solar loop is not of major concern, C1 is 
the most advantageous one, while C2 could be a good candidate if the combustor can be operated at 
low enough temperature for achieving significant char conversion in the gasifier.  

Table 2.2. Summary of pros (tick) and cons (cross) of different configurations. 

Configuration 1 2 3 4 

Active particles in the receiver     
Biomass space time     
Limit in char conversion in the gasifier     

2.3.3.2. Performance of the SDFBG coupled to a solar field 

Fig. 2.8 shows the simulated performance of the DFBG operated with the solar energy collected by 
the reference solar field during the two DNI-peak days in summer and the two with the lowest DNI 
in winter [33].  

 
Fig. 2.8. Performance of the DFBG operating with a maximum char conversion in the gasifier of 78% when 
coupling with the solar side during two reference days in summer (―) and winter (---): (a) solar energy collected 
(black) and solar energy spilled (blue); (b) thermal energy storage (TES); (c) char conversion; (d) syngas 
composition; (e) syngas yield; (f) mass yield of H2 in the syngas. 
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A nominal char conversion in the gasifier of 78% has been set for the simulations. Under this 
char conversion the system can operate during 9 h only supported by the reference TES (19.8 
MJ/Fbio,daf). Fig. 2.8(a) compares the energy collected by the solar field in summer (with 15 light 
hours) and in winter (with 9 light hours), in the latter the low DNI does not allow reaching the 
required energy (2.2 MJ/kgbio,daf), not even at the peak of the day. It is observed that during 
summertime there is sun spillage during 6 h, occurring when the TES in completely charged (Fig. 
2.8(b)) and the solar field collects more energy than that required by the gasifier, while no solar 
spillage occurs during the winter. According to Fig. 2.8(b) it is possible to run the gasifier with a 
nine-hours TES in summer at the maximum conversion during 24 h, while there is not enough TES 
during winter and char conversion varies between 18% at nights (complete autothermal operation) 
and 60% during the peak of solar energy. Fig. 2.8(d–f) show the evolution with time of the syngas 
generated during winter and summer operation. 

2.3.3.3. Solids circulation and gasification unit volume 

A few DFBG has been operated so far [29], being the concept developed by Vienna University of 
Technology the first scaled into a commercial plant in Güssing [31]. This plant is referred to assess 
the proposed SDFBG. The DFBG in Güssing is comprised by a BFB gasifier and a circulating FB 
combustor. Solids circulation ratio between the reactors of 78 kgsol/kgbio,daf has been reported 
[30,34]. The results obtained for the proposed SDFBG show solids circulation ratios below 60 
kgsol/kgbio,daf (even for the most unfavorable configuration of the external solids and completely 
allothermal operation). However, the mass inventory in a SDFBG operated at high allothermal 
conditions should be typically 10 times higher than in a DFBG. This value is obtained after 
comparing the estimated biomass space time of a SDBFG (800 min), according to Fig. 2.7, with that 
of the plant in Güssing (70 min, based on reported data [32]).  

Overall, the proposed solar gasification technology presents huge potential for being scaled-up 
in the short to medium term taking the most of current state-of-the-art technologies of DFBG and 
solar particle receivers. However, the development of SDFBG requires from a carefully design of 
the gasification unit as well as from a flexible control of solids circulation to adapt the gasifier to 
changes in external heat supply.  
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Chapter 3. Fluid-dynamics of Dual Fluidized Bed Gasifier  

In the previous chapter it was demonstrated that, compared to the state-of-the-art DFBGs, the design 
of the proposed SDFBG entails new features in the operation, being the main challenges: the control 
of solids circulation to allow the operation at different levels of solar external heat supply and, the 
higher inventory of solids required in the gasifier for operating at high solar heat supply (increasing 
the char conversion). The new operating conditions in SDFBGs require from a careful understanding 
of the fluid-dynamics of the system. A model of a conventional DFBG is developed to previously 
understand the hydrodynamic performance of current units, before extending the knowledge to solar 
conditions. The CFM at TU-Wien (Fig. 3.1(a)), one of the pioneering CFM developed for studying 
the fluid-dynamics performance of DFBGs [35,36], is taken as a reference and, experimental 
measurements from this unit are compared with the model results. The reference model is 
subsequently applied to a simpler geometry (Fig. 3.1(b)), for a more general analysis of the DFBG, 
including the comparison of performance when using a lower loop seal (LLS) instead of a pipe 
connection (Fig. 3.1(c)). The basics of the model accounting for a simple geometry are presented in 
the following section while, the detailed model developed to reproduced the measurements from the 
CFM can be found in Paper III. 

 
Fig. 3.1. Sketch of the DFBs modelled (the actual dimensions are detailed in Paper III): (a) reference case from 
the CFM at TU-Wien; (b) simplified geometry based on (a); (c) simplified geometry replacing the connection 
pipe with a loop seal. 
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3.1. Model description 
The model of a DFBG consists of the fuel-conversion units (riser and gasifier), a cyclone for 
separating the particles, a loop seal, and lower pipe connecting the riser and the gasifier for the solids 
circulation. The model calculates the pressure and solids distribution along the system, as well as 
the solids flux for a given geometry, fluidization gas flowrates, total solids inventory and physical 
properties of the bed material.  

The fluid dynamics model rests on two conditions that are approximately fulfilled in any 
circulating fluidized bed: (i) the efficiency of the cyclone at the riser outlet is assumed to be unity 
therefore, for a given operating conditions, the mass inventory is constant within the system, Eq. 
(3.1) and (ii) the difference of pressure between two points is equal to the pressure drops throughout 
the way between them, Eq. (3.2). Moreover, the pressure drop across the opening of the loop seals 
is neglected (this is contestable and is deeply discussed in Chapter 4), and that of the pipe connecting 
the ULS with the gasifier, together with the solids inventory in the cyclone are neglected. 

/T gasifier pipe LLS riser ULSW W W W W= + + +
      (3.1) 

gasifier pipe riser cycloneP P P P∆ + ∆ = ∆ + ∆      (3.2) 

Eq. (3.2) turns into Eq. (3.3) when considering the LLS instead of the pipe connection, 

, ,gasifier SC LLS RC LLS riser cycloneP P P P P∆ + ∆ = ∆ + ∆ + ∆     (3.3) 

3.1.1. Gasifier    
The inventory of solids and pressure drop across the gasifier are given by Eq. (3.4) and (3.5)  where 
the only unknowns are the height (h) of the bed and the voidage (ε) of the bubbling bed.  

(1 )pW h Aρ ε= −        (3.4) 

(1 )pP h gρ ε∆ = −        (3.5) 

ε is calculated considering the bubble fraction (δ) and the porosity of the emulsion at minimum 
fluidization (εmf): 

( )1 mfε δ δ ε= + −        (3.6) 

The bubble fraction is estimated according to a model based on the modified two-phase theory 
considering the throughflow, after applying the correlation of Darton [37] and using experimental 
data of a stationary bubbling fluidized bed [38], 

1/3
0 0.8

03300

1
1.3(0.15 )

1 ( )
0.26 0.7 p

mf
mfd

u u
u u

e

δ
−

−

=
+ −

+ −
+

    (3.7) 

The model accounts for the variation of the bubble fraction along the bed if the gas velocities 
change according to the geometry of the unit. The superficial velocity includes not only the air fed 
to the gasifier (Qgasifier) but also the gas flowing through the lower pipe connection. 

3.1.2. Connection pipe 
An approach to solve the lower connection is assuming that it operates under moving bed regimen 
with a downwards flow of solids and, a gas than can flow either upward or downward depending on 
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the operating conditions (defined positive upward). Under this assumption, the momentum balance 
along the pipe, assuming a two fluid formulation at steady state can be applied. The momentum 
equation of the solid phase after neglecting the acceleration term and the spatial integration along 
the length of the pipe is 

2

(1 ) (1 ) sin( ) ( ) (1 )
2
s wall

p s g p
u AP g u u

L A
ε ρ ε α β λ ρ ε∆

− = − − + − −   (3.8) 

where the terms on the right refer to the weight of solids, the gas-solid drag force, and the solids-
wall friction force. The latter is assumed following the approach presented in [35], where λ is the 
solids-wall friction coefficient as defined in Table 3.1, obtained after correlating experimental 
measurements assuming fluidized conditions. A fairer treatment would require a specific solids-wall 
friction coefficient for the moving bed flow. However, there is no way to correlate that coefficient 
in the literature since the friction relation for a granular material does not follow the same behavior 
as a simple fluid. In general, for moving bed flow a cross-pipe component of particle weight creates 
granular stresses between the particles and the pipe wall, requiring the use of at least one additional 
term. This is widely discussed in [39].  

The momentum equation of the gas phase is given by Eq. (3.9) when neglecting the contribution 
of the acceleration, the weight of the fluid (gas) and the friction force with the wall, rearranging and 
substituting the differential term. 

( )s g
P u u

L
ε β∆

= +        (3.9) 

In the equations above the parameter β accounts for the gas-particle interaction, which can be 
estimated with the Ergun equation (Eq. (3.10)) when the porosity in the system is below 0.8 [21]. 

( ) ( ) ( )
2

2

1
150 1.75 1g g

s g
pp

u u
dd

µ ρε
β ε

ε φφ
−

= + − +     (3.10) 

The actual gas velocity and the solids velocity are given by, 

0
g

u
u

ε
=         (3.11) 

(1 )
s

s
p

F
u

Aρ ε
=

−
       (3.12) 

Assuming a bed voidage equal to that at incipient fluidization, the rest of parameters in Eqs. (3.8)-
(3.10) are known data so, the model can be solved giving the pressure drop along the pipe connection 
and the actual gas velocity through the pipe, ug (note that the solid velocity, us, is related to the net 
solids circulating flow throughout the system, Fs, which is constant at steady state).  

Most of author simplify this model [35,40] and calculate the gas velocity through the pipe by 
considering its operation under fluidized flow at incipient fluidization. Both modelling approaches 
are analyzed in Paper III leading to very similar results in terms of pressure drop (i.e., solids 
circulation) but different actual gas velocity through the pipe. This aspect is crucial in an actual 
DFBG where the gas leakage between unit needs to be avoided and the accurate modelling becomes 
a must to assess the limit in gas and solids flowrates to avoid the leakage. Moreover, the actual 
operation regime of the connection pipe is controversial being even probable the existence of a non-
homogenous gas-solids pattern (where the gas flows upwards over the solids flowing downwards). 
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The mass of solids in the pipe is calculated in a similar way to Eq. (3.4)  accounting for the 
geometry of the pipe and the assumed bed voidage.  

3.1.3. Lower loop seal 
Using a lower loop seal appears as an advantageous option when compared to the lower pipe 
connection. These aspects are widely discussed in Section 3.5 and Chapter 4. 

The adopted model divides the loop seal in two regions, the supply chamber (SC, considering the 
downcomer as an extension of the SC) and the recycle chamber (RC) according to Fig. 3.2. The total 
flowrate of steam introduced (QLLS) is divided into that going through the RC (QRC) and that going 
through the SC (QSC). Both, the solids and gases in the RC flow upward while in the SC the solids 
flow downward while the gas can flow upward or downward depending on the operating conditions 
(defined positive upward, Fig. 3.2). 

 
Fig. 3.2. Solids and gas velocities and fed gas distribution in the two chambers of the loop seal (downcomer is 
considered as an extension of the SC in this sketch). 

The RC needs to be always fluidized to allow the solids circulation thus, the pressure drop, 
ΔPRC,LLS, is given by the hydrostatic pressure (as in Eq. (3.5)) of the head of solids along the RC up 
to the weir (hRC, given by the geometry). The bed voidage in the RC (εRC) can be estimated 
considering the bubble fraction (δ) as in Eq. (3.6); a bubble fraction equal to zero represents the 
operation of the RC under incipient fluidization. The expansion of the bed can be calculated 
according to any expansion model for bubbling beds, as that from Eq. (3.7), but considering the 
superficial gas-solids relative velocity, (ug,RC-us,RC)εRC, for accounting the existence of a net flow of 
solids. 

The SC can operate under fluidized or moving bed regime depending on the operating conditions. 
There is a critical velocity defined in Eq. (3.24) , comparing the relative superficial velocity with the 
minimum fluidization velocity: a positive critical velocity means that the SC is fluidized, while a 
negative value means that it is in moving bed regime [41].  

, s,( )critic g SC SC SC mfu u u uε= + −       (3.13) 

According to this premise, if the bed is fluidized the pressure drop, ΔPSC,LLS, is estimated 
according to Eq. (3.5)) as the hydrostatic pressure of the head of solids along the height of the 
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downcomer (hSC, given by the geometry); while if it is under moving bed flow the pressure drop is 
estimated from Ergun equation according to Eq. (3.9) but accounting for hSC. 

The bed voidage in the SC can be regarded, as a first approach, constant and equal to that at 
minimum fluidization conditions both, under moving and fluidized flow. Operating the SC above 
incipient fluidization is never desired for actual practical operation (since in CFB units leads to a 
decrease in the cyclone efficiency whereas in DFB systems it affects to the composition of the 
reacting gases) so the expansion of the SC when fluidized is not considered in the model. 

The actual gas and solids velocities in both chambers are defined as in Eqs. (3.11) and (3.12), 
respectively, while the superficial velocities are given by considering the gas flowing through each 
chamber (equal to the total fed gas, Eq. (3.16)) and the cross section, 

0,
RC

RC
RC

Q
u

A
=         (3.14) 

0,
SC

SC
SC

Q
u

A
=         (3.15)

ULS SC RCQ Q Q= +        (3.16) 

An additional equation is needed to solve this model and stablish the gas split between the 
chambers and the downcomer height. The closure relation for this model is a matter of discussion, 
being the motivation of the experimental work in Paper IV. Since there is no general enough relation 
for closing the model, in Paper III the gas distribution was treated as a parameter, RRC, which 
establishes the amount of gas flowing through the RC to that fed to the loop seal (Eq. (3.17)). The 
implications of this assumption are assessed in Section 3.5. 

/RC RC ULSR Q Q=        (3.17) 

Therefore, once RRC is set, the model can be solved and the pressure drop through both chambers 
determined. The inventory of solids in the loop seal is calculated as in Eq. (3.4) both for the RC and 
the SC. 

3.1.4. Riser 
The riser is modelled with a dense bottom bed, a transition or splash zone, and a transport zone. Part 
of the air is introduced through the bottom and the rest is added along the column (primary and 
secondary air) [35,42], as depicted in Fig. 3.1.  

The dense bottom bed is modelled like the bubbling fluidized bed in the gasifier, i.e. using Eqs.  
(3.6) and (3.7) to estimate the porosity of the bed. The pressure drop and mass of solids in the dense 
zone are estimated as in Eqs. (3.4) and (3.5), where the height of the dense zone is not an input, but 
calculated by the model. 

Above the dense bed there is a transition region (splash zone) with a high down-flow of solids 
falling back to the bed. The region downstream of the splash zone (transport zone) is characterized 
by solids concentrations much lower than in the splash zone and with a less pronounced decrease 
with height. Along the transport zone there is an upflow of solids in the core with a net lateral flow 
to the solids film downflowing along the walls [43]. These observations have motivated application 
of core-annulus models. However, there is no clear agreement on how to estimate the solids profile 
along these two zones, so semi-empirical models valid for specific operating conditions have been 
used [26,44–46]. In 1D models, the mean solids concentration along the freeboard (splash and 
transport zone) decays exponentially with height as described by the simplified model [47,48]: 
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( )0( ) exp( )TDH h TDHh a hρ ρ ρ ρ== + − −      (3.18) 

where ρh=0 is the solids concentration at the top of the dense zone, a is the decay coefficient, and 
ρTDH is the solids concentration at a height above the dense bed (h) which is higher than that at the 
total disengagement height (TDH) calculated according to Eq. (3.19). 

( ) ( )0

1TDH TDH p
t

E
u u

ρ ε ρ ∞= − =
−

     (3.19) 

The decay coefficient, a, is the most uncertain parameter when modelling the solids distribution 
along the riser. A great deal of observations suggests that the decay constant increases with 
increasing particle size (particles are more likely to change direction and return to the dense bed), 
and decreases with the gas velocity (particularly for fine particle systems). These aspects have been 
interpreted in terms of a deposition coefficient giving the rate of particle transfer from the gas core 
to the falling particle film [49]. Recommendations for the value of the decay factor based on 
measurements are reported [50,51]. Kunni and Levenspiel [48] gathered data from literature to come 
up with Eq. (3.20), while Johnsson and Leckner [45] proposed Eq. (3.21) to fit the decay factor in 
the splash zone of a CFB boiler 

0au C=         (3.20) 
0

t

u
a C

u
=         (3.21) 

Although Eq. (3.21) is an empirical way to fit measurements, it is merely an extension of Eq. 
(3.20) taking into account the effects of particle diameter (and using the ratio u0/ut reported by [50] 
when studying the decay factor). Eq. (3.21) must be applied with caution when scaling up, since the 
vessel width is not accounted for, although it has been observed to influence the decay constant 
(rising agglomerates are more likely to hit the wall surface and be removed from the rising gas 
stream in narrower columns). A reasonable practice is to adjust the constant C with measurements 
for a given set of operating conditions (mainly gas velocity, particle size and column width). In this 
work we have modelled the decay factor using Eq. (3.21) but taking different values of the constant 
C for the splash zone and the transport zone (see Table 3.1). The value of C along the transport zone 
resulted from fitting to minimize the error of all the measurements shown in Fig. 3.3, while that of 
the splash zone was taken from [42]. In the model, the splash zone is defined as the region where 
the gas velocity is lower than the terminal velocity of a particle. The transport zone is assumed to 
extend itself from this point forward. Note that the superficial velocity in the riser considers both the 
air fed to the riser and the gas flowing through the lower pipe connection. 

The solids density profile is estimated with Eq. (3.18) and, if the momentum losses due to wall 
friction and solids acceleration can be neglected as compared with the static head of solids, the 
pressure drop from the height of the dense bed to the top of the riser is estimated according to Eq. 
(3.22). 

0

( )
H

h

P g h dhρ
=

∆ = ∫        (3.22) 

The effect of the solids acceleration within the momentum losses along the riser was assessed in 
Paper III. Results lead to discrepancies below 5% (for the worst scenario) when compared with the 
results of the model neglecting the acceleration. 



Fluid-dynamics of Dual Fluidized Bed Gasifier 
 

23 
 

The mass of solids along the splash zone and the transport zone is obtained from Eq. (3.23), while 
the total pressure drop and solids mass inventory in the riser result from adding the pressure drop 
and solids inventory of the dense zone to those of the splash and transport zones. The discretization 
of the solids distribution along the riser for accounting with lateral aerations and changes in the 
geometry along the column are assessed in Paper III. 

P AW
g

∆
=         (3.23) 

The solids flux circulating within the DFB, Gs (kg m−2 s−1), is 

,/s s riser topG F A=        (3.24) 

s,(1 )s p top topG uρ ε= −        (3.25) 

since the highly diluted region at the top of the riser allows assuming that the slip velocity equals 
the particle terminal velocity [48] and therefore, the solids velocity can be directly estimated as  

0
s,top t

top

u
u u

ε
= −        (3.26) 

εtop is the porosity at the outlet point of the riser (estimated from Eq. (3.18)). 

3.1.5. Cyclone 
The pressure drop across the cyclone is estimated using an empirical correlation, where the 
parameter ξ is mainly dependent on the cyclone geometry and was fitted in [35] for the reference 
unit and, the gas velocity refers to that at the top of the riser 

2
0gP uξ ρ∆ =         (3.27) 

3.1.6. Upper loop seal 
The estimation of the solids inventory (and pressure drops) in the ULS requires from a pressure 
balance since the height of solids in the downcomer (hSC) is unknown. Actually, if both chambers 
are opened to the same environment and the ULS is operated just as a solids circulation device, i.e., 
both chambers are fluidized (assuming the same bed voidage) the height of the SC can be assumed 
as equal to that of the RC without leading to much error.  

Considering the general model, and the gasifier and the riser-combustor opened to the same 
environment through the gas exit of the cyclone and the exit of the produced syngas, (i.e., P6=P9, 
referred to Fig. 3.1(a)) the pressure balance is given by, 

, ,SC ULS RC ULSP P∆ = ∆         (3.28) 

Once RRC is set, the model can be solved and the height of solids in the downcomer and the 
inventory in the loop seal determined. 
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Table 3.1. Summary of model parameters. 

1Obtained after minimizing the error of the measurements from the CFM at TU-Wien presented in Fig. 3.3, and  used in section 
3.2 (a rounded value of 4 was used when studying the performance of the system) 

3.2. Comparison of model results with measurements 
The model predictions are compared with measurements from the CFM at TU-Wien, a perspex CFM 
of the 8 MWth biomass gasifier demonstration plant in Güssing, Austria. Experiments from [35,42] 
were carried out by varying the total solids inventory, total air flowrate fed to the riser, as well as 
the air staging along the riser within the ranges presented in Table 3.2 (the fluidization of the 
gasification unit was held constant as it was proved not to affect the solids circulation). Tests were 
conducted by measuring the pressure in each section of the CFM as well as the solids circulation 
rate by stopping the aeration of the loop seal and measuring the increase in the level of solids over 
the time. The experiments from [52] were conducted varying the bed pressure in the gasifier by 
adding bed material into the system for three total air flowrates fed to the riser, while keeping 
constant the air staging. 

The geometry of the DFBG CFM (Fig. 3.1(a)) and that of the simplified sketch used for the 
analysis (Fig. 3.1(a-b)) are detailed in Paper III. 

Table 3.2. Bed material, fluidizing agent and operating conditions of the tests and the reference case used for 
the analysis. 

  Tests CFM Reference case 
Bed material   Bronze spheres Bronze spheres 
Size, dp  μm 119 119 
Sphericity, ϕ  1 1 
Density  kg m-3 8750 8750 
    
Fluidizing agent  Air  Air  
Temperature  ºC 20 20 
    
Operating conditions    
Total inventory, WT  kg 105-130 105 
Total gas flowrate fed to the riser, Qriser,t  Nm3/h 250-400 300 (4.18 m/s) 
Air supply to bottom bed, Qriser,bb  Nm3/h 20-60 60 
Secondary to total air ratio, Qriser,2/Qriser,t  ≈ 0.15-0.5 0.21 
Gas flowrate fed to the gasifier, Qgasifier  Nm3/h 47 47 (0.23 m/s) 
Gas flowrate fed to the ULS, QULS Nm3/h 4.5-6 1.15 umf 2 

1 Only applying to Fig. 3.1(a) 
2 Referred to the relative gas-solids superficial velocity 

Parameter Value/Correlation  [Ref] 
λ solids-wall friction coefficient 3.5/us,pipe  [15] 
E∞ elutriation constant Colakyan & Levenpiel  [36] 
ξ constant dependent on the cyclone geometry 30  [15] 
umf minimum fluidization velocity Grace  [37] 
εmf minimum fluidization porosity 
ut terminal velocity Haider & Levenspiel  [38] 

C decay constant  splash zone: 10  
transport zone: 4.21 

[16] 

RRC gas flowing through the recycle chamber/total gas fed 0.5 - 
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Fig. 3.3 compares the results of solids flux given by the model with the measurements from the 
CFM at TU-Wien presented in [35]. It can be seen in Fig. 3.3(a) that most of the data points are 
scattered over a deviation of ±20% using a simpler and more general model of the transport zone 
compared to that in [35]. The results from the model developed here compare better with 
measurements than those from the previous model; a significant improvement is seen in the lowest 
range of solids flux (corresponding to the lowest air flowrate fed to the riser). Fig. 3.3(b) compares 
the same data but against the total air flowrate fed to the riser, showing not only the good capability 
of the model to predict the trend of the measurements for the whole range of operating conditions, 
but also the effect of the riser gas velocity and the total solids inventory over the solids flux. It is 
clearly observed that the aeration has a huge impact over the solids flux while the effect of the solids 
inventory seems to be lower. 

 
Fig. 3.3. Comparison of the solids fluxes given by the model with measurements from the CFM at TU-Wien with 
two different solids inventories and riser air flowrates ranging from 250 to 400 Nm3/h, as represented in (b); 
tests made under different distributions of the air through the bottom, primary and secondary injections. 

 
Fig. 3.4. Pressure loops obtained by the model compared with measurements from the CFM at TU-Wien: (a) 
Wt=105 kg, Qriser,t=353.5 Nm3/h, Qriser,2/Qriser,t=0.18, Qriser,bb/Qriser,t=0.06; (b)Wt=130 kg, Qriser,t=396.8 Nm3/h, 
Qriser,2/Qriser,t=0.5, Qriser,bb/Qriser,t=0.15 (solid circles represent measurements from the riser, while open circles 
those from the rest of the system; the point at height 0 m was not measured but estimated with the porosity given 
by the model for the dense zone of each test; in (a) numbers represent the pressures given by the model for points 
shown in (c). 
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The pressure profiles predicted by the model are compared with measurements in Fig. 3.4 for two 
different operating conditions. It can be seen that the model captures well enough the general trends 
of the measured profiles, giving a coherent behavior when increasing the solids inventory (i.e., 
higher maximum pressure is reached in Fig. 3.4(b) compared to Fig. 3.4(a)). The model also presents 
a good agreement with measurements from [40], in Fig. 3.5, where the total inventory of solids is 
predicted for a fixed pressure drop in the gasifier. Further discussion on the accuracy of the model 
when representing the data from the CFM, together with a sensitivity analysis of the parameters of 
the model are presented in Paper III. 

 
Fig. 3.5. Total solids inventory predicted by the model against pressure drop in the gasifier for three total-air 
flowrates fed to the riser (Qriser,2/Qriser,t=0.23, Qriser,1/Qriser,2=3) compared to measurements from [52] (it is not 
possible to distinguish the small difference within the total inventory for the measurements under different 
aerations into the riser). 

The robustness of the model was assessed by a sensitivity analysis of the parameters. Results 
shown that the only parameters having a significant sensitivity in the model predictions are the 
particle terminal velocity and the decay constant of the transport zone in the riser. Special attention 
must be paid when selecting the particle decay constant since the available data is scarce and vary 
widely between risers. 

3.3. Analysis of the DFBG fluid-dynamics performance 
The simplified geometry sketched in Fig. 3.1(b) was used to assess the performance of the DFBG. 
Fig. 3.6(a) shows that the solids flux is more sensitive to changes in the riser aeration than in the 
solids inventory: 60% rise in the solids flux can be reached by increasing the air velocity by 15% 
(over the reference case, u0,riser), while an increase in the solids inventory of 60% only produces an 
increase in the solids flux of 17%. This behavior (experimentally verified in Fig. 3.3(b)) is explained 
in Fig. 3.6(b) where it is seen that an increase of 15% over the total solids inventory (of the reference 
case, i.e. from 105 kg to 120 kg) leads to an increase in the gasifier solids inventory of 11.4 kg but 
only an increase of 3.6 kg in the riser. The reason of this distribution is the difference in the cross 
sectional areas of the gasifier and riser, requiring a higher amount of solids in the gasifier (larger 
diameter) to balance the increase in pressure drop in the riser. On the other hand, Fig. 3.6(b) shows 
that the higher the gas velocity in the riser, the higher the solids displacement from the riser to the 
gasifier. 

Fig. 3.6(c) shows the influence of the geometry on the solids circulations and solids residence 
times in the system. It is shown that for keeping constant the solids flux at 100 and 130 kg m−2 s−1 
while increasing the total solids inventory of the system from 100 to 160 kg, the diameter of the 
gasifier needs to be increased by 60 and 68%, respectively. On the other hand, the increase in the 
total inventory, keeping constant the solids circulation, leads to a higher accumulation of solids in 
the gasifier resulting in longer space time of the reactive particles (fuel and char) in the gasifier of 
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a real unit. It is observed that the space time (ratio of the mass inventory of the gasification unit to 
mass flowrate of fuel fed to the gasifier), is increased 2.5 and 2.8 times for the solids fluxes 
considered. Note that for a given total solids inventory, an increase in the solids flux requires a 
larger amount of solids in the riser, leading to a reduction of the amount of solids in the gasifier and, 
consequently, to balance the pressure loop, a reduction of the diameters ratio (i.e., a smaller diameter 
of the gasifier is required for compensating the higher pressure drop along the riser). Finally, Fig. 
3.6(d) demonstrates that the particle size has a huge impact on the solids circulation, being the effect 
more significant as the gas velocity in the riser is increased. Therefore, the selection of the particle 
size of the bed material is extremely important for the control of the solids circulation in a DFBG. 

 
Fig. 3.6. Analysis of the performance of a DFBG (Fig. 3.1(b)): (a) effect of the total solids inventory and total 
aeration in the riser over the solids flux; b) distribution of solids between the gasifier and riser for the operation 
under different solids inventories and riser gas velocities; (c) relation of diameters gasifier/riser (the diameter 
of the riser is kept constant) and solids inventory in the gasifier for keeping constant the solids flux at 100 and 
130 kg m−2 s−1 while varying the total solids inventory; (d) effect of the particle size over the solids flux. The 
operating conditions not specified in the figures are those of the reference case (Table 3.2). 

3.4. Solids circulation in a SDFBG under high allothermal operation  
As concluded in Section 2.3.3.3, the solids inventory in the gasification unit of a SDFBG, operating 
under a high share of solar external heat, is typically 10 times higher than in a conventional DFBG. 
The effect of increasing the solids inventory in the gasifier on the solids flux is shown in Fig. 3.7. 
The solids inventory given by the model under the operating conditions of the reference case (Table 
3.2) for the system in Fig. 3.1(b), is used as a reference for the solids inventory in the gasifier of a 
conventional DFBG. As expected, the increase in the solids inventory in the gasifier leads to an 
increase in the solids circulation due to the higher inventory required in the riser to maintain the 
pressure balance of the system. It is observed that, operating the system with the diameter of the 
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gasifier of the reference case (dgasifier), under the typical inventory of solids required by an SDFBG 
operated at high allothermal conditions, would lead to an unreasonable solids flux. Therefore, as 
shown in Fig. 3.7, the gasification unit of the new SDFBG needs to be larger in diameter to meet 
both requirements: providing enough volume for char conversion and operating under a solids flux 
that is in the order of those of the conventional DFBG. As shown in Fig. 3.7, a system with a gasifier 
three times larger in diameter allows keeping the solids flux around the values of the operation of 
the conventional DFBG (Wgasifier,SDFBG/Wgasifier,DFBG=1, Gs=100 kg m−2 s−1) for the solids inventories 
required at high allothermal conditions in the gasifier of an SDFBG. 

Note that, in this new design, although keeping the solids circulation under reasonable values, it 
increases with the solids inventory in the gasifier (i.e., with the SEH). However, the opposite 
behavior (the internal solids circulation tends to zero while increasing the SEH) was obtained from 
the analysis of the SDFBG presented in Paper II (see Fig. 2.6(a))), for C1 and C2 (those identified 
as the best options for integrating the external solids circulation into the system). Therefore, in the 
new SDFBG, the adjustment of the solids flux to meet the heat demand of the gasifier coupled with 
the solar resource, needs from especial considerations, which are assessed in Chapter 5. 

 
Fig. 3.7. Solids flux as a function of the ratio of inventories between the gasification unit of the partially 
allothermal SDFBG and the gasification unit of the autothermal DFBG for three gasifier diameters 
(dgasifier=0.275 m) while keeping the gas velocity constant in the gasifier. Other operating conditions were kept 
as those of the reference case (Table 3.2). 

3.5. Lower pipe connection versus lower loop seal  
The performance of the DFBG in terms of the solids circulation is shown in Fig. 3.1 for a system 
with a lower pipe connection (a) and with a LLS (b). It is observed in both figures that, when 
increasing the fraction of air flowing through the RC in the ULS (i.e. decreasing the gas flow through 
the SC), the solids flux remains constant while the SC remains fluidized, but it decreases when the 
SC enters the moving bed flow (at high RRC, since low gas circulates through the SC). The latter 
behavior is observed to a greater extension in the LLS, leading to a sharply decrease in the solids 
circulation as the SC gets into moving bed regime.  Moreover, in the LLS there is a maximum in the 
solids circulation leading by the operation that keeps the SC under fluidized flow while maximizing 
the air flowing through the RC (since for a constant gas fed to the riser, the higher the gas flowing 
through the RC the higher the gas velocity in the riser). Note that the contribution of the gas flowing 
through the RC to the entrainment of solids in the riser is determined by the geometry. For instance, 
it is expected to be negligible in large CFB where the cross section of the loop seal is rather small 
compared to that of the riser. On the other hand, the gas fed to the riser could be theoretically 
compensated (by decreasing it) to keep the aeration constant while increasing the gas flowrate 
through the RC. Under this assumption, for a given operating conditions, it is expected the solids 
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circulation to be higher in the system with the lower pipe connection (provided that the solids-wall 
friction in the pipe lead to lower resistance than that of the LLS). 

It is observed in Fig. 3.1(b) that for a given fraction of air through the RC of the ULS, when 
increasing the fraction of air through the RC in the LLS (RRC,LLS) from 0.5 to 0.7 the solids flux 
considerably increases but, when RRC,LLS is further increased to 0.96, the obtained solids flux 
decreases below that at 0.5. The reason is that changing from 0.5 to 0.7 increases the air flowing 
through the riser (as more gas flows through the RC in the LLS) while the SC remains under 
fluidized flow while, at RRC,LLS=0.96, although the gas going into the riser increases, the SC operates 
under moving bed flow limiting the solids flux. The same trend, but not with such effect on the 
solids circulation, is observed for a constant fraction of air through the RC in the LLS when 
increasing the fraction of air through the RC in the ULS (RRC,ULS): from 0.5 to 0.7 both chambers in 
the ULS are under fluidized flow and the slightly increase observed in the solids flux results from 
the lower solids inventory in the ULS (due to the higher expansion of the RC) leading to higher 
inventory of solids in the riser; at RRC,ULS=0.96 the SC of the ULS operates under moving bed flow 
and, a higher height of solids is required in the downcomer to give the required pressure drop leading 
to a lower inventory of solids in the riser and, therefore, to a lower solids flux.  

The results clearly show that operating a DFBG with a LLS allows a wider control of the solids 
circulation (the loop seal acts as a non-mechanical valve) compared to that with a lower pipe 
connection. In a DFBG operated with two loop seals, the LLS is that allowing a wider control of 
solids circulation (although the ULS also provide some controllability). From the previous analysis 
it is concluded that, the better performance of the LLS as non-mechanical valve comes from the 
mechanism for controlling the solids circulation: in the LLS is made by direct changes in the pressure 
balance of the system while, in the ULS is related to the displacement of solids inventory from the 
riser. Therefore, the higher the ULS compared to the riser, the higher its availability to control the 
circulation of solids. 

The use of an LLS instead of a pipe connection will be advantageous in the development of 
SDFBGs since, as previously concluded, they require from high flexibility and control of the solids 
flux, for meeting the heat demand of the gasifier when coupled with the solar field. Moreover, the 
LLS appears a safer option for reducing the gas leakage between unit compared to the lower pipe 
connection. 

 

 
Fig. 3.8. Solids flux when varying the fraction of gas flowing through the RC under gas flowrates fed to the loop 
seals corresponding to 2 and 4 times the minimum fluidization velocity (not accounting for the circulation of 
solids). Results from (a) correspond with the system in Fig. 3.1(b) while those in (b) correspond with Fig. 3.1(c) 
where RRC is varied in one of the loop seal keeping the other constant at 0.5. 
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Chapter 4. Fluid-dynamics of loop seal 

It was demonstrated in Chapter 3 that loop seal devices play a key role in DFB systems both for 
avoiding the gas leakage and for controlling the solids circulation. Moreover, it was introduced the 
problem arising when trying to model and predict the performance of a loop seal unit. These issues 
were the motivation of this experimental study which was intended to shed light on a closure relation 
allowing to model the gas distribution along the loop seal and therefore, to optimize the design and 
operation of these devices within DFB units, as the SDFBG proposed in this thesis. 

4.1. Theory 
The operation of the loop seal as a non-mechanical valve takes places when the standpipe is under 
moving bed regime (also referred as transitional packed bed) and the pressure drop per unit length 
(pressure gradient) is controlled by the drag force between gas and solid particles, which depends 
on the gas-solids relative velocity. Under this operation, a change in the gas-solids relative velocity 
results in a change in the pressure gradient along the standpipe, which needs to reallocate the solids 
to keep the pressure balance around the CFB loop, leading to a change in the solids circulation. The 
range of solids circulation control of a non-mechanical valve is determined by the ability of changing 
the gas-solids relative velocity before it reaches the minimum fluidization velocity (related to the 
flow of solids). Therefore, the design of a loop seal as non-mechanical valve should promote the 
flow of gas through the SC, allowing to build a higher pressure drop in the standpipe and then a 
higher solids circulation. 

It can be said that the gas distribution along the loop seal is the key parameter determining the 
performance of the system i.e., the flow state of the supply SC/standpipe/downcomer (usually 
regarded to be a dense bed in minimum fluidization or a moving bed) and the regulation capability 
of the solids circulation. This issue has been a matter of concern over the years when trying to model 
and predict the performance of loop seals.  

The aeration mode has a great effect on the gas distribution along the loop seal and, although it 
has been treated in many works [53–55], clear conclusions on the operation of the loop seal under 
its simplest aeration modes are still faded. The experiments carried out in this work were intended 
to fill this gap. 

When it comes to assess the performance of a loop seal by modelling, it was shown in Section 
3.1.5 that a closure relation allowing to predict the gas distribution through the two chambers of the 
loop seal is lacked. None of the model developed up to now are general enough to predict the 
performance of loop seals. Those based on correlations [56,57] are only applicable to the units from 
which the correlated measurements were obtained, while those based on theoretical approaches 
[58,59] have failed in their attempts since they have not been able to catch the limiting factors 
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leading to the gas split between the chambers (key aspects as the aeration mode have been 
overlooked). The experimental work presented here clearly demonstrates that theoretical prediction 
of the operation of a loop seal requires from a more careful modelling effort than that paid by the 
models developed up to now. 

A wide discussion on the different assumptions, studies and modelling approaches adopted by 
different authors is presented in Paper IV. 

4.2. Experimental work 
4.2.1. Experimental setup 
The experimental setup was isolated from an existing CFB cold flow model to dedicatedly study the 
gas and solid motions in the different parts of the loop seal.  The rig, presented in Fig. 4.1, consists 
of a hopper joined to a solids discharge system (pipe and valve for controlling the solids flux) and a 
loop seal joined to a cyclone which collects the circulating solids leaving the system into a bin. Two 
rotameters are used to control the gas flowrate separately, one to feed the gas to the supply chamber 
(SC) and another one to the recycle chamber (RC) (the wind boxes of the SC and RC are completely 
separated from each other). The gas leaving the cyclone, i.e., that passing through the RC, is 
measured by another rotameter, which requires from a valve at the inlet to stabilize the float. A 
measuring tape is set along the downcomer to measure the height of solids during the tests. Fifteen 
pressure taps are allocated along the loop seal. A data logger and a computer are used to continuously 
(every second) register the pressure measurements. 

 
Fig. 4.1. Experimental rig (numbered dots represent the pressure taps; dot number 1 is never covered by solids 
so it represents the atmospheric ambient at which the SC is opened). 

The downcomer is 0.093 m internal diameter, SC and RC have a cross section of 0.119x0.130 m2 
while the section of the opening is 0.130x0.055 m2. The height of the SC above the distributor is 
0.270 m and that of the RC until the discharging pipe is 0.155 m. The measuring tape is located just 
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above the SC but the downcomer is 0.060 m below this point (0.02 m along the junctions and 0.04 
m inside the SC). 

The bed material was glass beads with a particle size of 150-250 μm, a density of 2503 kg/m3 
(Geldart B) and an experimental minimum fluidization velocity at room temperature of 0.04 m/s. 
Air at room temperature was used as fluidizing agent. 

4.2.2. Experiments 
During the tests the solids flux was kept constant while varying the gas flowrate fed to the system 
as well as the aeration mode. Solids fluxes of 5, 10 and 15 kg m-2 s-1 (referred to the SC cross section) 
were tested at three different aeration modes (only RC, only SC and both chambers). The same gas 
flowrate was introduced through each chamber in experiments aerated under both chambers. For 
each test the pressure at taps presented in Fig. 4.1 was continuously measured and registered for two 
minutes of operation after reaching the steady state. The latter was considered to be attained when 
the height of solids in the downcomer reached a constant value in the measuring tape. The gas split 
into SC and RC was calculated by the difference between the introduced air and that leaving the 
system through the RC.  

Two sets of tests were carried out: one with the outlet rotameter (and the outlet valve) for 
measuring the gas leaving the RC and, another, removing both, the outlet rotameter and valve, to 
assess the effect of this outlet constriction in the gas and solids distribution along the loop seal. In 
those tests carried out with the outlet rotameter, the outlet valve was kept always at the same position. 
A minimum of 2 tests were made for each operating conditions to guarantee the repeatability. The 
tests carried out (145 in total, 108 with the outlet valve and 37 without outlet valve) are summarized 
in Paper IV-Table 1. 

4.3. Results and discussion 
Experiments were carried out for constant solids fluxes varying the aeration flowrate.  For a given 
solids flux, after a change in the air flowrate fed, the solids inventory in the system varied adapting 
the pressure throughout the unit to allow the operation under the new conditions. This operation 
gives understanding on the behavior of an isolated loop seal, but the gained knowledge is to be used 
to describe the performance of the loop seal connected to a CFB unit where (most of the times) the 
solids inventory is kept constant while the solids flux is the variable to be controlled. Experimental 
results obtained in the isolated loop seal under constant solids fluxes are presented in Section 4.3.1, 
while discussion on how this information is used in a loop seal coupled to a CFB unit is discussed 
in Section 4.3.2. 

4.3.1. Experimental results 
The gas split between the chambers of the loop seal can be understood by examination of Fig. 4.2. 
The gas flowrate through the RC (Fig. 4.2(a)) and SC (Fig. 4.2(b)) is plot as a function of the total 
gas flowrate fed into the loop seal for three solids fluxes and three aeration modes (SC, RC and both 
chambers). In agreement with previous studies [60], the solids flux has a direct effect on the gas 
distribution. For a given air flowrate fed to the loop seal, the air flowing through the RC increases 
as the solids flux is augmented, due to the higher amount of air dragged in the SC by the downwards 
flow of solids.  

Furthermore, it is seen that the gas split in the loop seal strongly depends on the aeration mode. 
For a given total air flowrate fed to the loop seal, the highest gas circulation through the RC is 
obtained when aerating through the RC, and the lowest by aerating through the SC. For a given 
solids flux, increasing the air flowrate through the SC leads to an almost constant gas flowrate 
through the RC. It is only observed a considerable decrease when the SC gets fluidized, suggesting 
that once bubbles are formed in the SC, the gas finds lower resistance flowing through the bubbles 
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than going through the dense bed in the RC, resulting in a reduction of the gas circulation through 
the RC, even after increasing the total aeration. As expected, the aeration flowrate at which the SC 
gets fluidized is higher as the solids circulation is increased. When the loop seal is aerated through 
both chambers or RC the air flowing through the RC always increases with the increase in the total 
air flowrate.  

Fig. 4.2(c) presents the flow of air circulating through the opening, which is defined as positive 
in the direction of the circulating solids i.e., from the SC to the RC. It is observed that, for a given 
solids flux, when the loop seal is aerated through the SC and through both chambers, the gas flowrate 
through the opening is almost constant and positive for all the gas flowrates tested. On the contrary, 
when the loop seal is aerated through the RC the gas circulates from the RC to the SC (excepting 
for the lowest aeration at a solids flux of 15, at which the gas is dragged from the SC to the RC) and 
it is higher as the air flowrate fed to the loop seal is increased. 

It was observed that in tests aerating only through the SC, the RC was always a dense bed with 
no bubbles, while vigorous bubbling appeared as the gas flowrate was increased for the other 
aeration modes (RC and both chambers). This observation is evident from Fig. 4.2(d), where it is 
shown that, when aerating through the SC, the fluidization number in the RC (ratio of actual to 
minimum fluidization velocity) is well below 1.5 and it is practically constant as the aeration 
increases, whereas it greatly increases when aerating through the RC. However, bubbles are 
expected to appear in the RC when aerating only through the SC at high enough solids fluxes as a 
result of the gas dragging (this was not visualized in our experiments due to the limited range of 
solids fluxes tested). 

 
Fig. 4.2. Air flowing (a) through the RC, (b) through the SC and (c) through the opening, and (d) fluidization 
number in the RC (superficial gas velocity in the RC to minimum fluidization velocity considering the solids flux) 
against the total flowrate of air fed to the loop seal for tests with the outlet rotameter under different solids fluxes 
(shape of the marker) and aeration modes (color of the marker; RC: only RC, RC+SC: both chambers, SC: only 
SC). 
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A better understanding of the influence of aeration modes is obtained by analyzing Fig. 4.3 where 
the height of solids in the downcomer is presented for the three aeration modes tested. Note that the 
constriction introduced by the pressure drop of the valve prior to the outlet rotameter needs to be 
considered; logically, the pressure drop through the valve is higher as the gas flowrate circulating 
through the RC increases.  

Fig. 4.3 shows that, for a fixed aeration flowrate, the height of the downcomer rises with the 
increase in the solids flux for any of the three aeration modes. In contrast, when increasing the 
aeration for a fixed solids flux, the height of the downcomer follows different behavior depending 
on the aeration mode: the height continuously decreases when the gas is fed through the SC and 
through both chamber (although not so significantly), while it presents a minimum when aerating 
through the RC. This behavior is not evident at all, but it is explained in detail as follows, related 
with the gas split according to the different aeration modes. 

When the loop seal is aerated through the SC, for a given solids flux the amount of air flowing 
through the RC is almost constant (as shown in Fig. 4.2(a)) leading to a fairly constant pressure drop 
in the outlet valve and through the RC. Consistently, the gas circulating through the SC increases as 
it does the total air flowrate and so, the height of solids in the downcomer needs to decrease (Fig. 
4.3) to maintain the pressure of the system under a constant value (according to the pressure drop at 
the RC side). It is also observed that the height of solids in the downcomer tends to a constant value 
at high gas flowrate since, once the SC gets fluidized, the pressure drop remains roughly constant 
with the air flowrate. 

The aeration of the loop seal through the RC leads to the highest height of solids in the 
downcomer for a given flowrate of fed gas, as it is seen by comparison of  Fig. 4.3(a) and Fig. 4.3(b). 
This is due to the low circulation of gas through the SC when aerating by the RC (Fig. 4.2(b)), which 
results in a higher height of solids to compensate the pressure drop of the system. The height of 
solids in the downcomer decreases with the increase in aeration flowrate through the RC, while the 
increase in the gas circulating through the SC leads to a higher pressure drop than that required to 
compensate the pressure drop introduced by the outlet valve. For higher aerations the pressure drop 
given by the outlet valve becomes so high that the increase in the gas circulation through the SC is 
not enough to compensate it and the column of solids starts building upwards, explaining the 
minimum found in Fig. 4.3(b).  

As expected, an intermediate behavior is observed as the aeration is applied through both 
chambers. The height of solids in the downcomer Fig. 4.3(b) is in between of that obtained for the 
SC and the RC aerations. The trend of the solids height profile is closer to that obtained when 
aerating through the SC since, for all the air flowrates tested, the circulation of gas through the SC 
led to a higher pressure drop than that required to compensate the increase in pressure drop given 
by the outlet valve (leading to a decrease in the height of solids). 

 
Fig. 4.3. Height of the downcomer (a, b, c) against the air fed through the different aeration modes for tests 
carried out with the outlet rotameter under the different solids flow rates. 

According to the measurements from the gas circulation through the opening (Fig. 4.2(c)) the 
behavior of pressure drop through it (P10-P12) could be a priori anticipated: (i) a rather constant 
pressure drop should be measured when aerating through the SC/both chambers (since the gas 
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circulation is roughly independent of aeration fed for a given solids flux), and (ii) a negative and 
decreasing pressure drop should be measured while increasing the aeration through the RC (since 
more gas circulates from 12 to 10). However, as shown in Fig. 4.4(a), the actual behavior apparently 
differs from that expected. Despite the scattering of measurement, it is clearly seen that the pressure 
drop is higher when aerating through the SC and it decreases, for the three aerations modes, with the 
increase in the air fed to the loop seal. The latter contradicts statement (i). However, it is explained 
by considering the irregular gas-solid flow through the opening. At low aerations, the solids at the 
bottom of the SC are very compacted, favoring gas shortcuts instead of a homogenous distribution. 
As the aeration is increased, the solids in this zone are softened (somehow better lubricated), 
allowing for a better distribution of the gas through the cross section of the horizontal passage and 
the opening. When taking a shortcut, a given gas flowrate through the opening leads to a higher gas-
solids relative velocity (equivalent to consider a narrower effective cross section) and so, to a higher 
pressure drop. The same gas flowrate under a homogeneous gas-solid flow distribution leads to 
lower gas-solids relative velocity resulting in lower pressure drop. Finally, it is observed that the 
trend of the pressure drop with the aeration through the RC is consistent with that expected in 
statement (ii), although the expected negative pressure drops were only registered for the highest air 
flowrate tested. 

The ability of the different aeration modes to change the solids flux in a CFB unit is assessed in 
this work by the increase in the standpipe pressure gradient (see Section 4.3.2.1 for details on the 
operation of loop seals in CFB systems). This increase in the pressure gradient is evaluated by the 
change in the pressure drop measured between taps 10-8, which are always covered by solids. 
Measurements reported in Fig. 4.4(b) show that the pressure gradient through the SC increases for 
all the aeration modes but the highest slope is observed when aerating only through the SC. This 
implies that, in a CFB unit, the aeration of the loop seal through the SC allows controlling the solids 
circulation with the lowest aeration and solids inventory. The maximum solids flux given by the 
loop seal operated as a non-mechanical valve is that of the SC under fluidized regime (from this 
point forward there is no change in the pressure drop of the SC/downcomer), which is reached at 
around 5 m3/s when aerating through the SC and 7 m3/s when aerating through both chambers while, 
for the flowrates of air tested, it is never reached when feeding the air through the RC. 

 
Fig. 4.4. (a) Pressure drop through the opening against the flowrate of air flowing through the opening and (b) 
pressure drop through the SC between taps 10-8 against the flowrate of air fed to the loop seal for tests with the 
outlet rotameter under different solids fluxes (shape of the marker) and aeration modes (color of the marker; 
RC: only RC, RC+SC: both chambers, SC: only SC). 

Tests without outlet rotameter were conducted to compare the performance of the loop seal with 
and without restriction to flow at the exit of the recycle chamber (i.e., the difference of pressure drop 
(P15-P1)). Experimental measurements are reported in Paper IV-Section 4.1.2., a summary of the 
main conclusions is presented here.  

(b)

0

5

10

15

20

25

30

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

P
re

ss
ur

e 
dr

op
 b

et
w

ee
n 

ta
ps

 1
0 -

8 
(m

ba
r)

Flowrate of air fed to the loop seal (m3/h)

Gs=5,RC
Gs=5,RC+SC
Gs=5,SC
Gs=10,RC
Gs=10,RC+SC
Gs=10,SC
Gs=15,RC
Gs=15,RC+SC
Gs=15,SC

(a)

-1

0

1

2

3

4

5

6

7

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

P
re

ss
ur

e 
dr

op
 th

ro
ug

h 
th

e 
op

en
in

g,
 

P
10

-P
12

(m
ba

r)

Flowrate of air fed to the loop seal (m3/h)

Gs=5,RC
Gs=5,RC+SC
Gs=5,SC
Gs=10,RC
Gs=10,RC+SC
Gs=10,SC
Gs=15,RC
Gs=15,RC+SC
Gs=15,SC



Fluid-dynamics of loop seals 
 

37 
 

In the absence of the restriction imposed by the outlet valve, the maximum pressure of the isolated 
loop seal rig either remains constant or slightly decreases (due to the RC bed expansion) as the gas 
flowrate fed to the loop seal is increased, but it never increases as it does when operating with the 
outlet valve. This implies that without outlet valve the height of solids in the downcomer always 
decreases with the increase in the aeration flowrate, even for the aeration through the RC. Moreover, 
the height of solids in the downcomer is lower in tests carried out without outlet valve as compared 
to those with valve, due to the lower pressure drop to be compensated.  

Although accurate estimations on the gas distribution along the loop seal are not possible in tests 
without outlet rotameter, it appears clear from the comparison of the pressure drop measurements, 
that the performance of the loop seal follows the same trends with and without outlet valve. The 
conclusion is that, although the actual gas-solids distribution is affected by the pressure drop along 
the other components of the CFB loop, the pattern of the resistance of the loop seal unit to gas-solids 
flow (resistance curve) is characterized, to a large extent, by its geometry. 

4.3.1.1. Gas-solids flow patterns in the operation and modelling of loop seals 

The experimental results showed that the aeration mode, together with the geometry of the unit, 
establishes the distribution of the gas fed through the loop seal and, therefore, the performance of 
the loop seal under different aeration and solids circulation flowrates. It was shown that the non-
homogeneous gas distribution and the appearance of stagnant zones of solids are essential to 
understand (and predict) the gas split between the chambers.  

Fig. 4.5 and Fig. 4.6 show the non-ideal gas and solids flow patterns observed when operating 
the loop seal rig under mono-chamber aerations, SC and RC, respectively. The stagnant zone formed 
at the bottom of the SC is reduced with the increase in aeration through the SC until disappearing 
once it gets fluidized Fig. 4.5(a-c). At low solids flows the RC is a dense bed close to incipient 
fluidization, while bubbles start flowing close to the central baffle as the solids flow is increased, 
due to the higher contribution of the gas dragged by solids (Fig. 4.5(d)). Although not represented 
in figures, it is clear from Fig. 4.5(d) that when aerating through the SC the gas is spread into the 
RC through the upper part of the opening, leading to a lower stagnant zone in the RC. Fig. 4.6 shows 
that the operation of the loop seal when aerated through the RC is characterized by a significant 
stagnant zone in the SC, but a good gas distribution across the RC, leading to a vigorous bubbling 
as the aeration is increased. Although the death zone in the SC decreases both with increasing the 
aeration and the solids circulation, it always remains considerable (Fig. 4.6(c)). An intermediate 
behavior is obtained when aerating the loop seal through both chambers. The evolution of the 
stagnant zone in the SC of a loop seal equally aerated under both chambers was assessed in [41] by 
tracer solids, confirming our observations and measurements.  

It is concluded that, independent on the aeration mode, there is always a stagnant zone in the SC 
while operated under moving bed flow. The size of the stagnant zone is reduced as the air flowrate 
and solids flow are increased but it only disappears when the SC gets fluidized (which only happens 
at high aeration rates fed through the SC). At this point the loop seal loses the ability of controlling 
the solids circulation; in other words, the operation of a loop seal as a non-mechanical valve always 
entails the presence of a death zone in the SC. On the contrary, stagnancies in the RC can be easily 
avoided providing some aeration through the RC. 
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Fig. 4.5. Gas and solids flow patterns when aerating through the supply chamber for different aeration rates 
(Q1, Q2 and Q3) and different solids flows (Fs1 and Fs2). 

 
Fig. 4.6. Gas and solids flow patterns when aerating through the recycle chamber for different aeration rates 
(Q1 and Q2) and different solids flows (Fs1 and Fs2). 

The unexpected trends found when analyzing the pressure drop through the opening (Fig. 4.4(a)) 
are the result of the particular features of the gas-solids flows across the loop seal. It was 
demonstrated that the pressure drop through the opening is affected by the aeration mode and it does 
not follow a homogeneous gas-solids pattern. As a result, this pressure drop cannot be estimated as 
that between two fluidized beds [63], which is assumed by many authors [64,65]. Special features 
concerning the gas-solids flow through the opening in a loop seal unit are extensively assessed in 
[66]. 

The superior performance of the loop seal for controlling the solids circulation when aerated 
through the SC (Fig. 4.4(b)) is achieved due to the high resistance offered by the opening which, for 
a given aeration, leads to a higher circulation of gas through the SC. This results in a higher pressure 
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drop through the column of solids in the SC/downcomer and, therefore, along the riser in a solids 
circulating loop, entailing a higher solids flux. Feeding the same air flowrate through the RC leads 
to the lowest circulation of gas through the SC i.e., the lowest pressure drop and solids circulation. 
The best option when the stagnant zones are to be minimized is the aeration through both the SC 
and RC. If the loop seal is intended just as a solids circulation device, aerating through both chambers 
while keeping the SC under fluidized regime is the best option to reach the maximum solids flux, 
promoting a uniform and smoother gas-solids flow (see Section 4.3.2.1 for details on the operation 
of loop seals in CFB systems). It can be concluded that the lower the stagnant zones and gas-solids 
flow resistances the lower the loop seal ability to control the solids circulation in a CFB loop. 

A proper model of the resistance to flow found by gas and solids in actual loop seals (as a function 
of the aeration) would allow to solve the model presented in Section 3.1.5. Special attention needs 
to be paid to the opening/horizontal passage, usually not considered in models [59,67,68], since it 
tends to be the limiting resistance, setting the gas and solids distribution in a loop seal device. In 
fact, it was neglected in the model in Paper III, although with minor implications when comparing 
with the measurements since the modelled ULS is out of the pressure loop (CFM at TU-Wien 
operates with a lower pipe connection). 

Unfortunately, non-ideal gas-solids flow patterns occurring in actual loop seals cannot be 
addressed by simple semi-empirical 1D models. This explains why the models of loop seal in CFB 
and DFB are still based on empirical correlations, in general, difficult to apply out of the system in 
which they were obtained. To obtain a comprehensive description, CFD simulation appears to be 
the right way to predict the actual gas-solid flow if a new loop seal is to be designed. However, 
modelling of the gas-solid flow in the loop seal and the standpipe is still recognized as the bottle 
neck for the simulations of the whole CFB loop in the CFD scheme [69,70]. 

4.3.2. Loop seal coupled to a CFB unit 
4.3.2.1. Control of solids circulation in a CFB unit 

There are two statements that must be fulfilled at any CFB unit in which the solids circulation is 
intended to be controlled by the aeration in the loop seal: (i) the standpipe needs to be operated under 
moving bed flow and (ii) the entrainment in the riser needs to be sensitive to the solids inventory in 
the riser, i.e., from the design point of view, 

(i) the cross section of the standpipe must be selected to allow that the superficial velocity of 
the solids, under the maximum operating solids flux, is below that of incipient fluidization  

(ii) the riser must be designed to operate far from the saturation carrying capacity of the gas, 
considering the operative window of gas and solids velocities 

In typical CFB boilers these requirements are rarely met since: the huge solids circulations imply 
solids velocities in the standpipes (usually an extension of the cyclone outlet, designed to meet the 
separation requirements) above that of incipient fluidization and, the height of the riser is to be 
maximized for allocating the water walls. Hence, the belief spread by boilers community about the 
limited ability of loop seals for controlling the solids circulation. 

For a given aeration in the riser, as increasing the aeration in the loop seal, the gradient of pressure 
in the standpipe increases and the height of solids decreases due to the evacuation of material to 
satisfy the new pressure balance. If the riser is operated below the saturating carrying capacity, the 
solids flux increases with the increase in the solids inventory and pressure drop in the riser; otherwise 
the system reaches a new steady state with the same solids circulation but higher pressure. If the 
aeration in the loop seal is such that the standpipe is fluidized, the system operates with the minimum 
height of solids in the standpipe, maximum sealing pressure, maximum solids inventory in the riser, 
and so, maximum solids circulation. Under this operation, the resistance in the circulating device is 
minimum and the solids circulation can only be increased by increasing the aeration in the riser. In 
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a properly designed CFB unit the widest range of solids circulation control is obtained when 
combining both, the loop seal and riser aerations. 

4.3.2.2. Extrapolating the performance of an isolated loop seal to that operating within a CFB unit 

Note that in an isolated loop seal, as that used in this study (Fig. 4.1), setting a solids flux and an 
aeration flowrate, leads to a height of solids in the downcomer (i.e., solids inventory) and a pressure 
drop in the outlet valve (P15-P1, according to Fig. 4.1). Comparing the pressure balance of a given 
isolated loop seal with the same loopseal coupled to a riser in a CFB unit it is noticed that: the 
performance of an isolated loop seal under a given aeration flowrate and solids flux, can represent 
the operation of this loop seal unit coupled to a CFB system operating under the same solids flux 
and, in which the pressure drop of the riser and the cyclone is equal to pressure drop in the outlet 
valve.  

Following this approach, the performance of an isolated loop seal can be characterized by 
experiments as those carried out in this work leading to a performance chart. Then, this chart can be 
used to obtain the aeration required in that loop seal when coupled to a CFB unit to achieve a given 
solids flux. Further discussion on this can be found in Paper IV-Section 4.2.2. 
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Chapter 6. Conclusions 

Solar steam gasification of biomass is a highly attractive technology for generating biofuels with 
maximum share of renewable energy. The hybridization of gasification and solar energy allows 
taking the most of locations with moderate resources of both, biomass and solar irradiance. 

This thesis proposes a new concept of biomass gasification assisted by solar thermal energy, as 
an extension of a state-of-the-art (no-solar) dual fluidized bed gasification (DFBG). Solid particles 
are used as thermal energy carrier, circulating between the solar receiver and the gasifier with 
intermediate thermal energy storage. The advantage of this configuration is that the solar receiver 
and the reactor are uncoupled, while thermal integration is highly efficient since carrier particles are 
directly used in the reactor (overcoming the practical problems that have buried the development of 
allothermal steam gasifiers up to now).  

The solar steam gasification of biomass in DFBG was assessed by modelling. The best options 
for integrating the external solids circulation into the DFBG unit were identified. Moreover, results 
shown that char conversions of 70-80% in the gasification unit can be reached under char residence 
times of 20-30 min. This value is much higher than those reached in current (non-solar) DFBG, 
typically operated in the range of 1-5 min (10-30% char conversion). As a result, the gasification 
unit in SDFBG should be significantly modified to operate in solar mode. Adapting the design to 
allow the operation both, at autothermal and solar mode is another challenge to overcome in the new 
SDFBG. 

 
A fluid-dynamic model of a conventional DFBG unit was developed and results were compared 

against experimental measurements from a cold flow model DFBG. The model was used to analyze 
the hydrodynamic limitations of the new proposed SDFBG. Results showed that typical solids 
inventories and solids fluxes required by an SDFBG can be achieved by increasing around three 
times the diameter of the gasification unit compared to that of a conventional DFBG. Moreover, the 
loop seal is identified as a key device for allowing the flexible operation of the SDFBG under 
different loads of external heat.  

The importance of loop seal operation in a SDFBG motivated the experimental work carried out 
in a cold flow model to shed light on the operation of these units as non-mechanical valves. The gas 
split through the chambers of the loop seal was studied. It was concluded that the resistance offered 
by the horizontal passage joining the bottom of the SC and RC results in a non-homogeneous gas-
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solids flow patterns which, ultimately, establishes the actual gas division through the chambers. 
These non-ideal gas-solids flow patterns cannot be addressed by simple semi-empirical 1D models; 
although CFD appears as a useful tool to predict the behavior of these units, a comprehensive 
generalization is difficult. 

A flexible SDFBG able to operate both under autothermal and at high allothermal conditions was 
designed using the gained knowledge. The most advantageous integration options of the external 
solids circulation into the DFBG were considered, leading to different design and operation 
requirements. The designed SDFBG allows char conversions in the gasifier ranging from 15 to 80% 
under autothermal and high allothermal conditions, respectively and, leading to a maximum solar 
external heat of around 2.6 MJ/kgbio,daf. 

Overall, this study show that the proposed SDFBG presents huge scaled-up potential. Some 
modifications are needed compared with the current state-of-the-art technologies of DFBG, mainly: 
a wider gasifier unit, a narrower riser-combustor and a dedicated lower loop seal for adapting the 
operation to changes in external heat loads.  

The proposed technology can be further improved by using a catalyst, alleviating the 
requirements in the gasifier. Moreover, the CO2 capture in a gasifier-carbonator using Ca-based 
sorbents would allow even better benefits.  

6.1. Future work 
Although the modeling work made in this work was enough for the essential assessment of the 
technology performance, some improvements are necessary for a more quantitative description. 
From the modelling point of view, the prediction capability of the fluid-dynamics models of the riser 
and the loop seal should be improved. Although the hydrodynamics performance of the riser has 
received huge attention from the research community, most of model developed up to now are still 
semi-empirical and based either on CFB boilers or catalytic reactors, so they are not general enough 
to extrapolate to other units. The emerging fluidized bed technologies dealing with the reduction of 
CO2 emission can be quite different from fluidized bed developed up to now, as demonstrated in 
this thesis with the SDFBG which is rather different compared to existing DFBGs. Therefore, since 
general model based on fundamental knowledge seems far, dedicated semi-empirical model for 
these specific unit are required for obtaining a more accurate prediction by modelling. On the other 
hand, it would be interesting to use the gained knowledge on the gas-solids flow patterns in loop 
seal devices for improving the prediction of model by using CFD. 

Regarding the concept, it would be of special interest extending the study made in Paper II to 
consider the transient response of the process under changes in the solar resource/TES. Research on 
catalytic gasification is a good branch to explore for increasing the potential of the proposed 
technology allowing to process biomasses with lower char reactivities and/or reducing the required 
inventory of solids to attain high char conversion. Exploring other designs as a multi-stage 
gasification unit would be interesting as a way to increase the char conversion while keeping the 
required solids inventory. Moreover, char separation also appears as a good option for taking the 
most of the solar resource while reducing the required solids inventory in the gasification unit, but 
further research is still required to explore its effectiveness and application.  
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Appendix A. Assessment of the LLS model error 

As detailed in Section 5.2.1, the LLS was modelled assuming that the RC always operates under 
incipient fluidization while the gas velocity in the SC is adjusted to balance the pressure of the 
system. In this way the total amount of gas fed to the loop seal was calculated by the model. In the 
actual operation of a loop seal device the RC is not always at incipient fluidization, so the total fed 
gas flowrate for a required gas velocity in the SC cannot be directly calculated. 

In the SDFBG designed for operating under C1, the cross section of the SC is narrower than that 
of the riser (ASC,LLS/Ariser = 0.5) and, the required pressure drop in the SC, for all the SEH range, is 
given by the velocity of the solids against a stagnant gas. On the contrary, in the SDFBG designed 
for operating under C2, the solids velocity is constant for all the SEH range and, therefore, the gas 
velocity through the SC of the LLS needs to be adjusted to meet the pressure balance of the unit. 
Moreover, due to the large solids circulation, in this unit, the cross section of the SC is larger than 
that of the riser (ASC,LLS/Ariser = 3.4). 

In both cases the higher error induced by the assumptions made in LLS model takes place when 
operating under autothermal conditions since, as shown in Fig. 5.6(c) this operation requires the 
highest pressure drop through the SC (to compensate the decrease in the solids inventory in the 
gasifier), i.e., that requiring the highest gas flowrate in the LLS.  

The potential error introduced by the model was assessed by increasing the gas circulating 
through the RC (considering the expansion of the bed) for the required gas in the SC under SEH=0 
both, for C1 and C2. The gas velocity in the riser (which accounts for that coming from the RC) is 
calculated by the model as that required both, for entraining the solids and burning the char. 
Therefore, as increasing the gas circulating through the RC, the air fed through the bottom of the 
riser is reduced. The aeration in the riser can be compensated by that of the RC while keeping enough 
oxygen for the char combustion (considering that the air fed to the LLS is steam). The latter 
assumption implies that the introduction of part of the gas through the recycle pipe has a minor effect 
on the entrainment in the riser. Under these considerations, the velocity in the RC can be up to 10 
times that of minimum fluidization in C1 and, 3 times in C2 due to the larger SC. 

Note that these estimations are just useful to have an idea on how to work out the problem. 
Feeding air instead of steam in the LLS is another option for the operation under C1 where the gas 
is stagnant in the SC (i.e., there is no air flowrate upwards to the gasifier); it does not work for C2 
where there is a net flow of gas upwards to the gasifier. Overall, it can be concluded that there is 
enough room to absorb the uncertainties given by the fluid-dynamics of the loop seal and that the 
conclusions of the study still state. 
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