Modelling the PHC-char separator for the PYSOLO solar integrated pyrolysis plant
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ABSTRACT: The EU supported PYSOLO project aims at investigating a pyrolysis reactor with Concentrating Solar Power
(CSP) technology, to enhance biomass conversion and reduced process energy demand. As part of this project, a comprehensive
numerical model has been proposed to describe the dynamics of a separator, fed by a mixture of Particles Heat Carrier (PHC)
and char. This model supports the design of efficient separation systems, which will be tested under both cold and hot conditions
with dedicated experimental setups. The separation concept uses fluidized bed technology in a dense zone, leveraging on the
biochar and PHC particles density differences. The numerical modelling aims at defining the best operative conditions,
including but not limited to gas phase velocity, char and heat carrier properties and dimensional distributions, etc.
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1 INTRODUCTION

Biomass can result in zero or even negative-carbon fuels,
today accounting for about the 10% of the world's energy
demand, with a projected 28% increase in biofuel demand
over the next five years [1], [2]. Pyrolysis technologies
play a critical role, being able to convert low-heat-value
biomass into energy-dense bio-oil and biochar [3]. The
production of bio-products in fast pyrolysis, making use of
auger pyrolizers, are today a versatile and promising
technology for bioenergy [4]. These reactors employing
particle heat carriers (PHCs), such as sand, to facilitate
uniform heating and thermal stability, thereby enabling the
efficient conversion of biomass [5]. During pyrolysis
process, heavier and larger carbon particles may remain
within the reactor, leading to lower bio-oil yields [6]. In
general, designing a proper separation method between
biochar and heat carrier is key. Additionally, the
effectiveness of such a device directly affects the
following step of PHC recirculation into the pyrolizer.
Nonetheless, separating the heat carrier from the biochar
is often problematic, and typical methods involve
regeneration of the heat carrier through the combustion of
the biochar [7].

However, this configuration may result in ash
accumulation, which could diminish the liquid yield [8],
and in general, promotes PHC ageing. Consequently, the
targeted separation of biochar in pyrolysis systems could
improve both the yield and quality of bio-oil while
optimizing the utilization of biochar for various beneficial
purposes.

Particle separation technologies, applied to fast pyrolysis,
involve both mechanical and non-mechanical methods.
Mechanical methods like centrifugation and vibrating
screens [9]. Non-mechanical approaches primarily utilize
fluidized beds [10]. Studies like those by Azimi et al. and
Oshitani et al. [11], [12] explore optimizing fluidized beds
through operational adjustments, yet challenges remain in
achieving uniform particle distribution and managing
continuous separation processes.

This study, which is part of the PYSOLO project (Fig. 1),
proposes a correlative model for a char separator, aiming
to facilitate a continuous, swift, and effective separation.
The steady-state model investigates the impact of particle
size distribution, minimum fluidization velocities, and
superficial gas velocity, on enhancing the separation
efficiency between heat carriers (HC) and biochar (BC), to
select the most appropriate PHC for the PYSOLO project.
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Figure 1: Conceptual configuration of biomass pyrolysis
by concentrated Solar power (PYSOLO)

2 DEFENITION OF PARTICLE VERTICAL
VELOCITY

2.1 Minimum fluidization velocity (Umf)

The Minimum fluidization velocity (Umf) represents the
flow velocity at which particles begin to fluidize, around
the packed bed. Different correlations including
experimental and theoretical are available in literature to
describe the phenomenon (Table. I).
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Table I: The most 8 frequent experimental and theoretical
formula for minimum fluidization velocity in literature
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Zhang et al, [20] proposed a formula, derived from
Ergun equation, which resulted particularly suitable for
fluidized beds of non-cohesive particles (typically where
particle-particle interactions are negligible compared to
particle-fluid interactions). Minimum fluidization velocity
is described as formula 1:

_ ®S.Dp.(pp—pf).g.g3
Umf = 1.75.pp @

The term ¢s reparents the Sphericity of the particles,
Dp is Diameter of the particles, pp is Density of the
particles, pr is Density of the fluid, g is the gravity and € is
the Void fraction or porosity at minimum fluidization for
high air flow.

2.2 Terminal velocity (Ut)

Terminal velocity is used to define a flow field where a
particle quickly reaches a constant velocity, which is the
maximum attainable under the steady-state equilibrium.
The calculation of the terminal velocity considering the
equilibrium among the drag force, buoyancy and gravity,
as represented by the formula 2 which is called Archie-
Kenney equation [21] :

Ut = ,4-y-Dp.(pp—pf) @)
3.cq .pr

where Cq is the drag coefficient.
2.3 Superficial gas velocity (Ug)

It is defined as the velocity at which a gas would move
through a porous media or packed beds. It will be
calculated considering different parameters of separation,
to understand and predict the behaviour of the gas phase in
the presence of solid phases.

2.4 Separation efficiency (Cumulative mass percentage)

The percentage of separation efficiency is defined as the

mass percentage of the target solid (i.e. biochar) which can
be collected from the bottom of the vertical tube (see
formula. 3), as function of the superficial gas velocity (air
flow).

Mass of biochar recovered
%) =

Separation efficiency % (3)

Total mass of biochar

3 METHODOLOGICAL APPROACHES

3.1 Materials

In the framework of the PYSOLO project, the RE-CORD
consortium team experimentally identified four materials
potentially suitable as particle heat carriers (PHCs) (Table.
I1), with the relative characteristics. Biomass feed rate
(fixed): 1.5 kg/h and PHC to biomass volume ratio within
0.75-1.5. The primary objective of this research is to
enhance the efficiency of production yield by effectively
separating PHCs from biochar in fast pyrolysis.

Table I1: Physical characteristics of biochar and particle
heat carriers

Material | Diameter Particle Thermal
(mm) Density Conductivity

(kg/m3) (W/m-K)

Sand 0.1-0.4 ~2000 1.14

Sintered | 0.1-0.7 ~3500 2

Bauxite

Steel 1-50 ~8000 16

spheres

CaO 0.1-1 ~1600 0.7

Biochar | 0.1-50 400 0.2-0.3

3.2 Proposed methodological approach

This study proposes a theoretical assessment for a novel
separation method, based on a fluidized bed where
different gas velocities may be used to exploit the density
differences between biochar and PHC particles. The
method involves several key steps: evaluating the
fluidization characteristics within the separator, and
adjusting operational parameters (minimum fluidization,
terminal, and superficial gas velocity).

Numerical modeling is used to understand the airflow
dynamics over binary particles. Comparative analysis for
different heat carriers' separation efficiencies will also be
conducted. The key parameters considered include particle
density, size, terminal velocity, particle Reynolds number,
minimum fluidization velocity.

The goal is to find the optimal superficial gas velocity
(Ug) for achieving a high separation rate. This optimal gas
velocity will be between the terminal velocities of the heat
carrier (Utc) and biochar (Utb): Utc < Ug < Utb.

In this study, biochar along with one of the heat
carriers as binary particles, enters the separator after the
pyrolysis process. Biochar-sand, biochar-bauxite, biochar-
steel and biochar-calcium oxide will be modeled based on
their physical charactristics.

The expected particle size distribution (PSD) of each
materials is presented in Fig. 2, which providing a detailed
representation of the percentage distribution of particle
diameters. This figure is essential for understanding the
granularity and size variability of the particles involved in
the study, detailing the complexity of realiseing an
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Figure 2: Particle size distribution of materials

4 RESULT AND DISCUSSION
4.1 Minimum fluidization velocity

The calculation for the minimum fluidization velocity
(Umf) is presented in Fig. 3 using established parameters
and assumptions commonly used for fluidized bed systems
(i.e. air density is fixed at 1.2 kg/m?, etc.). A void fraction
of 0.5 is used, representing an average for loosely packed
particle beds. Additionally, particles are assumed to be
perfectly spherical (@, = 1) simplifying the calculations
by eliminating the need for complex shape-related
adjustments.

These parameters form the basis for theoretical
calculations essential for designing and optimizing
fluidized bed reactors, with predictions of fluidization
dynamics crucial for enhancing process efficiency.

Range of Minimum Fluidization Velocity (Umf) for Different Materials
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Figure 3: Minimum fluidization velocity of particles

The plot shows that sand has the lowest minimum
fluidization velocity (Umr) at maximum 0.61 m/s, while
steel has the highest Ums at 13.66 m/s due to its higher
density (8000 kg/m3). This illustrates that denser materials
require higher fluid velocities to achieve fluidization state.

4.2 Terminal velocity

As shown in Fig. 4, the biochar particles require an airflow
higher than 20 m/s to reach the top of the tube. Conversely,
all the sand particles need an airflow of more than 4.45 m/s
to be at the top. These differences are primarily due to the
range of densities and sizes of the particles, which affect
their drag force and terminal velocity.

Terminal Velocity vs Particle Diameter for Various Materials
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Figure 4: Terminal velocity of different particles

5 CONCLUSIONS

Given all the defined parameters, the separation efficiency
is reported in Figure 5. This plot illustrates the mass
percentage of biochar with different cumulative mass
distributions as a binary particle mixture in a vertical tube.
Using Calcium oxide (Ca0O), Bauxite, and sand as heat
carriers, the separation efficiencies for biochar were tested
at different superficial gas velocities.
The results showed:
o 90% efficiency for biochar from CaO at 6.29 m/s
e 87.5% efficiency for biochar from Bauxite at
7.78 m/s
o 95% efficiency for biochar from sand at 4.45 m/s

The separation efficiencies were calculated: denser
materials, such as steel spheres, used as PHC, remains at
the bottom and the biochar separation efficiency reached
100% at the top.

Separation Efficiency vs. Superficial Gas Velocity for Various Materials
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Figure 5: Separation efficiency of different particles

The theoretical terminal velocity was validated against
the literature, achieving an R2 value of 0.89 (Fig. 6).



Comparison of Theoretical and Superficial Gas Velocities
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Figure 6: Validation of calculated terminal velocity
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