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SIMULATION OF BIOMASS CARBONIZATION AND
HEAT RECOVERY FOR ELECTRICITY PRODUCTION USING
SEEBECK MODULES

HERVE KLINKLIN BADAKAL*, ALEXANDRU M. MOREGA?Z

Keywords: Pyrolysis; Wood biomass; Seebeck effect; Finite element method (FEM); Numerical simulation.

This paper experimentally and numerically examines biomass carbonization and using thermoelectric modules to recover heat
and generate electricity using the finite element method (FEM). Carbonization, conducted at high temperatures, produces charcoal
and gases. The study identifies optimal temperatures for module placement, demonstrating that they can generate up to 6.5 W of
electricity. Moreover, integrating the chimney to optimize the carbonization process produced hot air with a maximum gain of
11 °C above the ambient temperature. This approach enhances energy efficiency and reduces costs.

1. INTRODUCTION

The transition to more sustainable and environmentally
friendly energy sources has become a global priority in the face
of the challenges posed by climate change and the depletion of
fossil fuel reserves [1]. In this context, the valorization of biomass
emerges as a promising solution. Biomass carbonization is a
complex process where heat transforms biomass into charcoal.
Engineers and researchers use advanced simulation tools to
optimize this process and produce more energy, e.g., [2]. It
accurately models heat, chemical reactions, and gas flows,
helping to analyze and improve carbonization. To optimize
carbonization, it's crucial to recover the heat produced.

An innovative solution uses thermoelectric (TEC) Seebeck
modules, which convert heat directly into electricity using the
Seebeck effect. This effect harnesses temperature differences
to generate electricity, offering an efficient method of energy
recovery [3].

Integrating these modules into carbonization reactors creates
a more efficient and sustainable energy production system.
This study models biomass carbonization and integrates TEC
modules to recover heat for electricity production. We aim to
improve the energy efficiency of the carbonization process and
propose an innovative renewable energy solution.

We will explore the simulation steps, operational principles
of Seebeck modules, and the benefits and prospects of this
integrated approach. The simulations examined product yield,
wood chip pyrolysis kinetics, module placement, and the
electrical power generated by a module. Simulation results of
autothermal pyrolysis of wood chips were compared with
experimental studies.

2. MATERIAL AND METHODS

The carbonization device consists of three coaxial
cylinders: an 8 cm-diameter inner chimney and intermediate
and outer cylinders with 30 cm and 40 cm diameters,
respectively. All cylinders are 40 cm tall. The space between
the outer cylinders is filled with a clay-sawdust mixture to
reduce heat loss.

Carbonization occurs in the space between the two smaller
cylinders using an auto thermal method (Fig. 1), starting with
partially combusting 3.5 kg of sun-dried wood chips.
Temperature is monitored with a type K thermocouple
during the two-hour process.
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Fig. 1 — a) Photo of the experimental setup; b) Schematic cross-section of
the carbonizer.

3. NUMERICAL MODELING OF CARBONIZER

A 2D model was developed, integrating heat and mass
transfer with chemical reactions. The main assumptions used
for the modeling are that the carbonizer (a porous reactive
medium), the gas, and the solid are in local thermal
equilibrium; the fluid flow in the carbonization chamber is
described by Darcy flow. The chimney evaporation by
laminar flow is not considered.

3.1. REACTION SCHEME AND KINETICS
PARAMETERS

Carbonization decomposes organic materials at 400-
1000°C in low or no oxygen, producing carbon-rich products
like charcoal, tar, and pyrolysis gases [4]. This work uses the
reaction scheme in Fig. 2, where wood decomposes into tar,
charcoal, and gas, with some tar further decomposing into
additional gas and charcoal [5].
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Fig. 2 — Kinetics of the model.

The Arrhenius equation provides the temperature
dependence of reaction rates:
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where k; [s?] is the rate constant of reaction, A [s?] is the
pre-exponential factor, and E; [J/mol] is the activation
energy. The kinetic parameters and heat of the reaction are
listed in Table 1. Here Ah; [kJ/kg] is the heat of pyrolysis, ¢
is the primary char generation reaction, t is tar, g is the
primary gas generation reaction, c2 is the secondary char
generation reaction, and g2 is the secondary gas generation
reaction.

Table 1
Model kinetics parameters and heats of pyrolysis [5].
Reaction A [sY E;i [J/mol] Ah; [kJ/kg]
c 3.27-10° 11,700 64
t 1.08-10% 148,000 64
g 4.38-10° 152,700 64
c2 1.00-10° 108,000 -42
g2 4.28-10° 108,000 -42

3.2. GOVERNING EQUATION OF PYROLYSIS
The wood carbonization process is a fully coupled
multiphysics problem involving mass transfer, fluid flow,
and heat transfer [6].
3.2.1. Mass transport
The equations governing the evolution of solid species,
wood (w) and charcoal (c), are:

9
ot
dpe . _
E - Sc - kcpw + kczpt- (3)
The domain's initial solid mass conservation state is pw,o =
700 kg/m3, and pco = 0.
The mass conservation equation for a gaseous species i
(gas or tar) in the pyrolysis process includes diffusion,
convection, and source terms,

=Sy = —(ke + kg + kc)pw, (2)

a .
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where Ji is the diffusion flux described by Flick’s law:
4
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Here ps [kg/m?] is the density of the fluid, w; is the mass

fraction, and Dk [m?/s] are diffusivities.
The porosity of the porous domain is

e=1-—¢, , (6)

g = 0.4 is the initial porosity.
Darcy's law gives the average velocity of gas:

K
u=-—--VP. (7
1l
Here « [m?] is the permeability, and u [kg/(m-s)] is the
dynamic viscosity. The ideal gases equation of state provides
for pressure P:
RT
p= pf—_, (8

Wy 1
(2e375)
where M [kg/mol] is the molecular weight and R = 8.314 [J/(mol-K]

is the universal gas constant.
The source terms of gaseous species tar (t) and gas (g) are:

W

Rt=p?

= kipw — (kcz + kgz)p“)t: 9
aoog
R, = P = kgpy + kgzpwe. (10)
Mass transfer across the carbonization device's outer

boundary is dominated by convection. As shown in Fig. 3,
no diffusive flux exists:n-J; =0

nj; =0

nj;=0 4=

nj; =0

n.j; =0

Fig. 3 — Boundary condition for gaseous species mass transport.

3.2.2. Momentum transport

Fluid flow in the chamber is described by the continuity
equation combined with Darcy’s law (eq. 7)

dp
2+7-(p,u) = Q. (11)
The mass source term Qn [kg/m?-s] is described by:
Qm = kepw + kgpw - kczpfwt- (12)

At the outer boundary, a zero relative pressure compared
to the reference pressure (P = 1 atm) is prescribed: P = 0.

3.2.3. Energy equation
We assume local thermal equilibrium and consider heat
transfer mechanisms by convection, radiation, and conduction
to model the energy balance in a porous wood sample,

oT .
(pCP)effE + V (=keeVT) + ppCpp(u-VT = Q, (13)
Cp,wpw + Cp,cpc

(PCp)ets = €prCpp + Pp( ). (14)
w,0
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Fig. 4 — Boundary conditions of heat transfer and thermocouple positions
(q is the autothermal influx).

The constant-pressure heat capacities for the gas and solid
phases are respectively:
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Cp,f = u)th,t + (ong,g, (15)
The heat source term mentioned in eq. (13):
Q = —(k;Ahy + kyAhy + kAh)p,, —
(ngAth + kczAhcz)pfwt- (16)

The effective thermal conductivity depends on the fluid
and solid thermal conductivities, the absolute temperature.

k +k 13.50T3%d
Ketr = eky + ( Wp‘:’) Cpc) + : 17)
w,0

where ks = 0.0258 W/(m-K) is the thermal conductivity of the
fluid, o = 5.67-10® W/(m?K) is the Boltzmann constant, d =
5.10° m is the effective diameter of the pore, and € = 0.95 is
the emissivity. Boundary conditions and positions of
thermocouple K are shown in Fig. 4.

3.2.4. Momentum transport and heat transfer
in the chimney
The airflow in the chimney due to the thermosiphon effect
was described using a laminar flow regime. This regime
choice is based on an approximate calculation of the
Reynolds number (Re = 1763) and Raleigh number (Ra =
4.26.107) [7],

Jdu, 5
Pair (W + (u. - V)uc) =-Vp + pgirV'u. + £, (18)

The body force term f includes gravity and buoyancy force
given by the Boussinesq approximation [8],
f= pair(l — Bair (T — Tref))g: (19)
Pair IS the density of the air; p,;,- his viscosity, B, the
thermal expansion coefficient (1/K), g = 9.81 m/s? the gravity,
and T, = 298.15 K the reference temperature. The pressure
is assumed to be atmospheric at the chimney inlet and outlet.
The heat equation for the chimney includes terms for
accumulation, convection, and conduction. The temperature at
the chimney entrance is assumed to equal the ambient. Table 2
lists specific parameter values used in the simulation.

Table 2
Materials properties and kinetics parameters.
Property Value Source
D; 10° m?/s [21]
Cow 1500+1.0 x T J/(kg -K) [9]
Cpe 420+ 2.09 x T+6.85-10°x T2 J/(kg - K) [9]
Cot -100+4.4 X T-1.57-10% x T2 J/(kg - K) [9]
Cpg 770+0.629 x T-1.91-10*x T2J/(kg - K) [9]
Kw 0.209 W/(m * K) [5]
ke 0.071 W/(m - K) [5]
K 5-10°16 m? ]
h; 21.95 W/(m? - K) Estimated
h, 258 W/(m?-K) Estimated
hs 10.76 W/(m? - K) Estimated
u 3-10%kg/(m - s) [9]
M, 0.038 kg/mol [9]
M, 0.11 kg/mol [
R 8.314 J/(mol - K)
q 2.8*10%t (W - s)/m® if t<4800sand Estimated
2.8*10* W/m® if t >= 4800 s

3.3. SOLUTION STRATEGY

To solve the pyrolysis process in the carbonization device
equipped with a chimney and insulated by a clay layer, the
mathematical model presented above was solved
numerically by the FEM implemented by [21].

o For the carbonization chamber: Darcy’s law, transport of
concentrated species in porous media.
o For the chimney: laminar flow and heat transfer in fluids.

e Heat transfer in solids for the clay layer.
All these physical models were solved with a time-
dependent solver over 7200 s, with a time step of 1 s.

4. NUMERICAL MODELING OF
THERMOELECTRIC GENERATOR

4.1. EQUATION GOUVERNING THERMOELECTRIC
MODULE

A thermoelectric module consists of several elements
connected and covered by ceramic plates. Each component
has two types of semiconductors (p and n) connected by
copper [10]. Modules are connected with heat sinks to form
the thermoelectric generator [11]. The equations governing a
single thermocouple are [12]:

—VV = pJ + oVT, (20)
q = V] — kVT + T}, (21)
] = —oVV — aVT. (22)

Here V is the electric potential, p is the electric resistivity,
J is the electric current density, a is the Seebeck coefficient,
T is the temperature, q is the energy density flux, kis the
thermal conductivity, o is the electrical conductivity.

4.2. MODEL BUILDING AND SIMULATION

The module used for heat recovery to produce electricity,
measuring 40 cm x 40 cm x 3.2 cm, comprises 127
thermocouples. Figure 5 shows the dimensions of a
thermocouple. Figure 6 shows the thermal and electrical
boundary conditions.

1.4 mm

f .

/|| i Hot ceramic |
E £ ):*
A Bl
s S ! element element ol sol3

= -n solder
[ T .

| Cold ceramic |

Fig. 5 — Dimensions of a thermocouple.

The materials used for the thermoelectric module
simulation are selected from [21]. Alumina is assigned to the
ceramic plates, copper to the semiconductor connectors, and

bismuth telluride to the semiconductors.

Hot face temperature (obtained
at location on carbonizer)

— 0 IR =
- Ground
1 U=0Vv
Voltage 003
corresponding to
the charge Up

Cold face temperature (25°C)

Fig. 6 — Thermal and electrical boundary conditions of the
thermoelectric generator.

The steady-state regime was used to simulate the
thermoelectric generator. The load voltage Up was varied
from 0 V to 3 V for each hot side temperature in 0.5 V steps.
The output current, measured with a probe, enabled the
calculation of electric power P,

P, = Uyl. (23)
Another probe on the hot side measures the heat entering

the module. The efficiency is determined by the ratio of
output power to incoming thermal power,
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5. RESULTS AND DISCUSSION

5.1. THERMAL PROFILE OF PYROLYSIS CHAMBER

The comparison between experimentally obtained and
simulated carbonization curves in Fig. 7 shows a good
match. Both curves exhibit a rapid temperature rise, a
plateau, and a gradual decline. After igniting the wood chips,
the temperature quickly climbs to around 375 °C in the first
40 min., then rises more slowly to a maximum of 465 °C.
This increase is due to the emission of combustion gases like
Hz, CH4, CO, COg, and volatiles, which correlate with the
progression of the combustion zone. These findings align
with those obtained by Mani et al. [13].

A notable difference is observed: the experimental curve
fluctuates significantly, while the simulated curve is
smoother. This may result from the simulation’s assumption
of constant thermophysical properties. The initial rise in the
simulation is faster in the first ten minutes, likely because it
doesn't account for biomass dehydration [14].
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Fig. 7 — Thermal profile in the pyrolysis chamber.

The temperature in the carbonizer is influenced by several
parameters, such as the increase in pressure and Darcy's
velocity [15]. Figures 8 and 9 illustrate the temperature,
pressure, and Darcy's velocity distribution in the carbonization
chamber at two distinct moments (t =380 s; t = 7200 s).
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Fig. 8 — Temperature (white = 80 °C, blue = 25°C), pressure
(red = 8.54-10° Pa, blue = 10° Pa), and Darcy’s velocity
(red = 4.10-10* m/s, green = 1.03-10“ m/s) at t = 380 s.

At t = 380 s, when the thermal load is initiated at the
bottom of the device, the temperature at this location is
initially high, reaching a maximum of 80 °C. The pressure,
influenced by the temperature, reaches a high value of
8.54.10° Pa in the affected area. The Darcy velocity ranges
from 1.03-10* m/s to 4.10-10* m/s, with the maximum
observed in the hottest area.

At the end of the carbonization process (t = 7200 s) as
shown in Fig. 9, the temperature in the carbonizer is uniform
at 447 °C, with a slight decrease near the walls in contact
with the chimney and the clay layer.
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Fig. 9 — Temperature (yellow = 447 °C, blue = 127 °C), pressure (red =

17.1-10° Pa, blue =10° Pa), and Darcy’s velocity at t = 7200 s.

Due to the accumulation of pyrolysis gases, the pressure
reaches a maximum of 17.1€8i106 Pa, while the Darcy
velocity is nearly uniform at 0.4-10m/s.

Initially, temperature rises gradually with low pressure
and minimal Darcy's velocity. As pyrolysis starts, volatile
gases increase pressure and heat transfer. Combustion of
these gases raises temperature further, stabilizing pressure.
A thermal plateau is then reached where reactions and heat
dissipation balance.

5.2. THERMAL PROFILE OF CO-GENERATED
HOT AIR

The chimney in a carbonizer evacuates gases and smoke,
boosts natural convection, controls temperature, ensures
safety, and impacts the charcoal yield [16]. The density
difference between hot and cooler air drives natural
convection. This density difference creates buoyancy pressure
that moves the air, as shown in Fig. 10, illustrating the airflow
velocity in the chimney due to the temperature increase.

b4 -

L] a1 2F m

Fig. 10 — Temperature and airflow in the chimney (red arrow = 3.1 m/s,
blue arrow =2.75 m/s) at t = 7200 s.
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Fig. 11 — Thermal profile of co-generated hot air.

Figure 11 shows the numerical thermal profile of the hot air
measured by the thermocouple placed at the chimney outlet. The
chimney’s temperature rises rapidly for the first 80 min before
plateauing, with an 11 °C gain, lower than the 20 °C experimental
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maximum. This discrepancy may be due to pyrolysis plumes
escaping through small chimney holes.

Figure 12 illustrates the variation of energy flux at the chimney
outlet, which increases gradually before stabilizing after
approximately 80 minutes.
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Fig. 12 — Energy flux at the outer of chimney.

Despite the low-temperature gain, a TEG module could be
installed at the chimney outlet. A probe measured a maximum
energy flux of 32.000 W/m? after 80 minutes. With an efficiency
of approximately 4 x 1073, due to the low-temperature gradient,
the TEG would produce 128 W/m? according to formula (24).
Optimizing the system could improve hot air recovery for drying
or heating. The air circulation speed varies between 2.75 m/s and
3.1 m/s, with the maximum speed observed in the hottest areas.

5.3. THERMOELECTRIC MODULE
INSTALLATION SITE

Energy efficiency, module protection, and cost must be
considered to optimize the placement of the thermoelectric
module on a carbonizer. Studies show peak temperatures
around 120 min into the process. Modules can be placed at the
carbonization chamber boundary if they withstand up to 300 °C.
However, operating at up to 200 °C is recommended for
longevity [17]. The ideal placement range is 0.26 m to 0.3 m
from the boundary, where temperatures are 25 °C to 194 °C,
ensuring optimal performance and durability. Figure 13 shows
the temperature variation at the carbonization chamber
boundary at t = 7200 s, while Fig. 14 shows the temperature in
the 0.26 m - 0.3 m section selected for module installation.
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Fig. 13 — Temperature at the surface of the carbonization chamber at
t =120 min.
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Fig. 14 — Temperature between the 0.26 m — 0.3 m portion.

The temperature initially rises due to external heating,
drops slightly as pyrolysis absorbs heat, and then increases
again as gases ignite or are evacuated [18]. It eventually
levels off when heat from reactions balances with
dissipation, indicating the end of carbonization and the
formation of charcoal.

5.4. NORMALIZED SOLID MASS

The normalized solid mass is the ratio of the total solid
mass at a given time to the initial solid mass. It is shown in
Fig. 15. At the beginning of carbonization, the solid mass
changes slowly in the first ten minutes due to the gradual
temperature rise, which is insufficient for rapid
decomposition. Wood’s thermal inertia causes it to absorb
heat and increase the internal temperature before significant
decomposition starts. Following this phase, rapid mass
variation occurs, likely due to the chemical composition of
wood—mainly cellulose, hemicellulose, and lignin [19].
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Fig. 15 — Normalized solid mass.

After 100 minutes, the mass loss stabilizes at 0.21,
indicating nearly complete carbonization and stable solid
residue. The experimental charcoal yield is 20.89%, closely
matching the simulation result of 21%.

5.5. ELECTRICAL QUANTITIES OF THE MODULE
OBTAINED FROM SIMULATION

The module's location is crucial to ensure optimal
operation. The chosen position is illustrated in Fig. 16.
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thermoelectric
module

T

T

Fig. 16 — Position of thermoelectric module.

Once installed, the temperature gradient across the module
generates a voltage. Figure 17 shows the temperature
distribution at t = 7200 s (a) and the voltage distribution with
a 3V load applied to the module terminals (b).

a) b)

Fig. 17 — a) Temperature distribution at t = 7200 s
(red = 194 °C, blue = 25°C);
b) voltage distribution for Uy =3 V (red = 3 V, violet = 0 V).
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Figure 18 presents the voltage and power variation as a
current function for a hot side temperature of the
thermoelectric module Th = 194 °C obtained at t = 7200 s.
These graphs allow for extracting several important
electrical quantities for this temperature. In this study, the
maximum power generated by the module can reach up to
6.5 W. This maximum value is obtained at the end of the
carbonization process, suggesting that it is at this moment

that the module produces the most electrical energy.
10
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Fig. 18 — Current-voltage-power for the maximum
temperature (Th = 194 °C).

As shown in Fig. 19, the efficiency of a thermoelectric
module strongly depends on the load voltage for a given
temperature gradient.
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Fig. 19 — Efficiency for various hot face temperatures of the module.

5. CONCLUSION

This article comprehensively evaluates integrating
thermoelectric modules with biomass carbonization processes,
employing both experimental and numerical analyses using
FEM [20]. The research identifies optimal conditions where
thermoelectric modules can operate efficiently by carefully
analyzing thermal profiles and module placement.

The module, positioned strategically, can recover up to 6.5 W
of electricity from the heat generated during carbonization.

The findings emphasize the dual benefits of this integration:
it enhances the energy efficiency of the carbonization process
and provides a renewable energy source through electricity
generation. The integration of the chimney increased the air
temperature by 11 °C above ambient temperature.

Future optimization could achieve even higher
temperatures, which would be helpful for drying and heating.
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